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(57) Abstract 

A microchip loboratory system (10) and method 
provide fluidic manipulations for a variety of applica- 
tions, including sample injection for microchip chemi- 
cal separations. The microchip is fabricated using stan- 
dard photolithographic procedures and chemical wet 
etching, with the substrate and cover plate joined us- 
ing direct bonding. Capillary electrophoresis and elec- 
trochromatography are performed in channels (26, 28, 
30, 32, 34, 36. 38) formed in the substrate. Analytes 
are loaded into a four-way intersection of channels by 
electrokinetically pumping the analyte through the in- 
tersection (40), followed by a switching of the poten- 
tials to force an analyte plug into the separation channel 
(34). 
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APPARATUS AND METHOD FORJPEKFOMNGMKCROFLUIDIC 
MAMPULAT10NS FOR CHEMICAL ANALYSIS AND SYNTHESIS 

This iinveation was made with Govesamsat support wSer contrast 
O£-AC0S~64O]&214QO mm&®& by the U.S. Bspartmsrat of Energy to Martin Marietta 
Easw Systems, Inc. w& the Gmrerament has eataia rights in this feveation. 



10 Bfe&aPfaaimtaBBfla 

The present invention relaxes generally to miaiatare mstramsntation for 
ehemicsl analysis, chemical sensing and synthesis and, more specifically, to dectricaUy 
controlled manipulations of fluids in miaomachined channels. These manipulations can 
be used in a variety ®f applications, including the electrically controlled manipulation of 
15 fluid for capillary electrophoresis, liquid chromatography, flow injection analysis, and 
chemical reaction aad synthesis. 

ft«i4rcmn|idl of the invention 

Laboratory analysis is a cumbersome process Acquisition of chemical 
20 and biochemical information requires expensive equipment, specialised labs and highly 
trained personnel. For this reason, laboratory testing is done in only a fiaction of 
areumstances where acquisition of chemical information weald be usefal. A large 
proportion of testing on both research and cHraeaS situations is done with crude manual 
snethods that are characterised by high labor costs, high reagent consumption, long 
2$ turnaround times, relative imprecision and poor reproducibility. The practice of 
techniques such as electrophoresis that are in widespread use in biology and medical 
laboratories have not changed significantly in thirty years. 

Operations that are performed in (typical laboratory processes include 
gpsdmen preparation. ehenriealAiochemical conversions, sample Ozonation, signal 
30 dctectioa and data processing. To accomplish to sasks, liquids are oto measured 
and dispensed with volumetric accuracy, mated together, and subjected to one or several 
different physical or chemical environments that accomplish conversioo or fiactionation. 
In research, diagnostic, or development situations, these operations are carried out on a 
niaerossopic scale using fluid volumes in the range of a fe* microliters to several liters 
35 at a time. Individual operations are performed in series, often using different specialized 
equipment and instruments for separate steps in the process. Complications, difficulty 
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and expense are often the result of operations involving multiple laboratory processing 
steps. 

Many workers have attempted to solve these problems by creating 
integrated laboratory systems. Coaveatioaal robotic devices have been adapted to 
perform pipetting, specimen handling, solution mMrag, as well as some fractionation and 
detection operations. However, these devices are highly complicated, way expensive 
and their operation requires so much taming tot their use teas been nestrcsted to a 
relatively small number of research and development programs. Mans successful have 
been automated clinical diagnostic systems for rapidly and fostpensiveSy performing a 
small number of applications such as clinical chemistry teste for blood levels of glucose, 
electrolytes and gases. Unfortunately due to their complexity, large size and great cost, 
such equipment, is limited in its application to a small raumbsr of diagnostic 
circumstances. 

The desirability of exploiting the advantages of integrated systems in a 
15 broader context of laboratory applications has led to proposals that ouch ^fstems be 
miniaturized. Xn the 1980% considerable research and development effion was put into 
an ©xploratioa of the concept of biosensors with the hope they might fill the B>j»d. Such 
devices make use of selective chemical systems or biomolecules that are coupled to new 
methods of detection such as electrochemistry and optics to transduce chemical signals 
20 to electrical ones that can be interpreted by computers and other signal processing units. 
Unfortunately,, biosensors have been a commercial disappointment. Fewer than 20 
commercialized products were available in 1993, accounting for reve.Tuea in the U.S. of 
less than S100 million. Most observers agree that this feilure is primarily technological 
rather than reflecting a misinterpretation of market potential. In feet, many situations 
25 such as massive screening for new drugs, highly parallel genetic research and testing, 
micro-chemistry to minimize cosily reagent consumption and waste generation, and 
bedside or doctor's office diagnostics would greatly benefit from miniature integrated 

laboratory systems. 

In the early 1990\ people began to discuss the possibility of creating 

30 miniature versions of conventional technology. Andreas Manz was one of the first to 
articulate the idea in the scientific, pras. Calling them "miniaturized total analysis 
systems." or >TAS, W he predicted that it would be possible to integrate into single 
unite microscopic versions of the various elements necessary to process chemical or 
biochemical samples, thereby achieving automated experimentation. Since that time, 

35 miniature components have appeared, particularly molecular sepatatioa methods and 
microvalves. However, attempts to combine these systems into completely integrated 
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taWBa * one proraasat Md gosceptibte to rmruatumalion is capillary 

5 d^pto^. CBpUay d^pte^o to beeome a F H» 

tod Secular m Mm. The technkiiue is parfbrassd in sasaB sas>ula?y 
<Zto rate band broadening AM *- »o torn* eo^on ^ *»» 
resolving posser. Tto toto i^ly to volumes of mtemda, on the order 
of ^liters, must be handled to m»<* the wnpte iato tte separation caputay tote. 

I o Current techniques for injection indude ©Immigration and ephonmg of 

s^te from a container into a continuous tube. Both of to w*«|« 

X from My poor reprodu*lmrty. ®»d electromigr*ion ad« suffers from 
ete^phoretic mobility -based bias. For both sampling techniques the mput end of the 
analysis Hillary tube must be transfer from a buffer reservoir to a mervorr holdmg 

SS rLmpie. T^^^calmanipul^niainvoh^. For the siphonmg .meet** 

eapUary for a fixed length of time. 

An deeteomigration injection it effected by applying an appropriately 
po,^ electrical potential across the capillary tube for a given duration white *. 
20 entrance end of the capillary is in the sample reservoir. This can lead to samplmg bias 
disproportionate^ larger ouanti* of the species *h higher eiectrophore^ 
^nngLTLothetuh, The capillary is removed from the ssmpte reservou £ 
"Ld into *he entrant buffer feservoir after the injection duration for both 

25 8eChniqUS3 ' A continuing need arists for methods and apparatuses ^hich lead to 
improved etectrophorctic resolution and improved injection stability. 

The P^nt invention provides microchip laboratory systems and 
30 methods that allow comple* biochemical and chemical procedures to be conducted on a 
11 under electronic control. The microchip labo^ory s>*ems comprises a 

I^hand^^ 

Z^Mta«t*«* The movement of the maters * precisely d*eetcd 

35 of 2 rnovlnt of stch materials enables precise mbdng. separate and reason as 
needed to implement a desired biochemical or chemical procedure. 
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The onicroship laboratory system of the Passat mmmoa analyzes and/or 
gy^heto stoical ms&zMa in a precise ond i^roducibJe manner. The system 
Mato a body having integrated channels connecting a plurality of r<^rv®iis thai store 
she gteieaS materials used in the ehsmteal analysis or gyssthesis performed by the 

5 system, to one aspect, at leas* five of the reserved ^tan^dy have a controlled 
electrical potential, such that material from at leasa one of the reservoirs is transported 
tosh to® channels « owsy d at least erae of the other rass^oirs. The transportation of 
the material through the channels provides to on® or mora selected chemical or 

physical environments, thereby resulting in the synthesis or analysis of the chemical 

10 material. 

The microchip laboratory system preferably also includes one or more 
intemctions of integrated channels connecting three or more of the reservoirs. The 
laboratory system controls the electric fields produced in the chassis in a manner that 
controls which materials in the reservoirs are transported through the intersections). In 
15 one embodiment, the microchip laboratory system acts as a mixer or dilute* that 
combines materials in the rot@reeet5oa(s) by producing an electrical potential in the 
intersection that is less than the electrical potential at each of the two reservoirs from 
which the materials to be mixed originate. Alternatively, the laboratory system can act 
as a dispenser that electroWneticsBy injects precise, controlled amounts of material 

20 through the intersection(s). 

By simultaneously applying an electrical potential at each of at least five 
reservoirs, the microchip laboratory system can act as a complete system for performing 
an entire chemical analysis or synthesis. The five or more reservoirs can be configured in 
g> manner that enables the elcctrokinetic separation of a sample to be analyzed C^e 
25 aaalytel which is then mfcted with a reagent from a reagent reservoir. Alternatively, a 
chemical reaction of an analyte and a solvent can be performed first, and then the 
material resulting from the reaction can be electrolrinctically separated. As such, the use 
of five or.more reservoirs provides an integrated laboratory system that ean perform 
virtually any chemical analysis or synthesis. 
30 in yet another aspect of the invention, the microchip laboratory system 

mdudea a double intersection formed by channels interconnecting at least sot reservoirs. 
The first intersection can be used to inject a precisely sbed analyte plug into a separation 
dmnd toward a waste reservoir. The electrical potential at the second intersection can 
be selected in a manner that provides additional control over the size of the analyte plug. 
35 In addition, the electrical potentials can be controlled in a manner that transports 
materials from the fifth and sixth reservoirs through the second intersection toward the 
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A. to Mow*, is »po^ thrmagh the ksokI imer» toward the fourth 

^w^^liaga^nd^^ 
s 1b another object, to© snscrochip laboratory system ac£s cbj o mtcrocsnp 

gtow sontroJ sjfstem SO control the flow of «^ through an mtersss™ tart* 

JL A»*»cn4y appta * P° leffltial to 

cueh to the volume of »«U mm*™* *» the ** " fl 

^Ofamat^m^dr^ 

MMUMdMt ^ third ,^io-^ — 
ta she to reservoir is directed Md «• — ^ 05 * e ^ *" 

* e to reservoir. ^^th.^odBipfto-c^l^^^^ 0 ^^ 
IS to —«* the volume of material ported through the 

prevents the to material from moving though the intersection to^ the second 
Lrvoir after a selected votome of the to ^terkl has passed tough Che Merlon. 
Mernatively, the microchip ^ control system can be config^ed to « . ^ 
20 ^ mbces the to and second maters in the mterseenon . a to 

*■ - " * ^erialsfromthetater^onto^dthe 

aaeond reservoir. . - lD 

Other objects, advantages and salient features of the tnventton ™U 
become apparent from the following detailed description, which taken in conjunction 
25 with She raced drawings, discloses preferred embodiments of the ir.verfcoa. 

^^^^L^, view of a prefer embod^ of the preset 

mventu* 2 h m sectional view of a channel shown; 

F.gure 3 is a schematic top view of a microchip according to a second 

preferred embodiment of the present invention; „ ,. 

Figure 4 fa an entered view of the intersection region of Hgure 3, 
Figure S are CCD images of a plug of analyte moving through the 
35 jatersection of the Figure 30 embodiment; 
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Figure 6 is a ssksmm top view of a microchip laboratory system 
according to a tiuid preferred embodiment of a inicroship according to the present 
invention; 

Figure 7 is a CCD tarage of "sample loading mode for rtwjdasnins B" 

5 (shaded ares); 

Figure 8(a) fe a ss&ematie view of the intersection area of the microchip 

of Figure 6, prior to analyte injection; 

Figure 8(b) is a CCD fluorescence image taken of the same aw depicted 
in Figure 8(aX after sample loading in the pinched osjode; 
IQ Figure 8(c) is a ptootoraerogroph taken of the same area depicted in 

Figure 8(a), after sample loading in tit® floating mode; 

Figure 9 shows integrated fluorescence signals for injected volume 
plotted versus time for pinched and floating injections; 

Figure SO is a schematic, top view of a microchip according to a fourth 
1 5 preferred embodiment of the present invention; 

Figure 1 II is on enlarged view of the intersection region of Figure 10; 
Figure 12 is a schematic top view of a microchip laboratory system 
according to a fifth preferred embodiment according to the present invention; 

Figure 13(a) is a schematic view of a CCD camera view of the 
20 intersection area of the microchip laboratory system of Figure 12; 

Figure 13(b) is a CCD fluorescence image taken of the same area 
depicted m Figure 13(a), after sample loading in the pinched mode; 

Figures 13(c>13(e) are CCD fluorescence images taken of the same area 
depicted an Figure 13(a), sequentially showing a plug of analyte moving away from the 
25 channel intersection at 1, 2, and 3 seconds, respectively, after switching to the run mode; 

Figure 14 shows two injection profiles for didansyl-lysfos injected for 2s 

with y equal to 0.97 and 9.7; 

Figure 15 are electropherograms taken at (a) 3.3 cm. (b) 9.9 cm, and 
(c) 16.5 cm from tiie point of injection for rhodamine B (tan retained) and 

30 sulforhodamine (more retained); 

Figure 16 is a plot of the efficiency data generated from the 
electropherograms of Figure 15, showing variation of the plate number with., channel 
length for rirodamine B (square with plus) and sulfoibodamme (square with phis) and 
sulforhodamine (square with dot) with best finear fit (solid lines) for each analyte; 

35 Figure j 7(a) is an electropherogram of rhodamine B and fluorescein with 

a separation field strength of 1 .5 kV/cm and a separation length of 0.9 mm; 
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Figure 17(b) is an dectropherograra of itodaraine B and fluorescein with 
i separation &e3d strength of 1.5 kV/eao and a separation length of 1 .6 ram; 

Figure 17(c) is on dectropfesrogram of ritodamine B and fluorescein with 
a separation field strength of 1 3 kV/sm and a separation length ofl 1 1 mm; 
s " 6 Figure IS is a graph showing variation of the msmber of plates per isnit 

tfane as a fiaaedea of the deetric Add strength for rJtoda^ B scpa^n lengths of 
1.6 sum (cirde) sad 11.1 mm (square) and for fluorescein at separation lengths of 1.6 
mm (diamond) andl 1.1 mm (triangle)); 

Figure 19 shows a chromatognam of eoumarins analyzed fey 

10 eleetresforomatography using the system of Figure 12; 

Figure 20 shows a dcomatogiram of eoamarws resulting from micellar 
eleOrokm®tis eaptoey chromatography using tike sysaes of Figure 12; 

Figures 21(a) and 21(b) chow the sgparstien of three metal ions using the 

system of Figure 12; t 
15 Figure 22 is a schematic, top plan view of a microchip according to the 

Figure 3 embodiment, additionally including a reagent reservoir and reaction channel; 

Figure 23 is a schematic view of the embodiment of Figure 20, snowing 



Figure 24 shows two dectropherograms produced using the Figure 22 
20 embodiment; 

Figure 25 is a schematic view of a microchip laboraloiy system according 
to a sixth preferred embodiment of the present invention; 

Figure 26 shows the reproducibility of the amount injected for argmine 

and glycine using the system of Figure 25; 
25 Figure 27 shows the overlay of three electrophorctic separations tasing 

the system of Figure 23; 

Figure 28 shows a plot of amounts injected versus reaction time using the 

system of Figure 25; 

Figure 29 shows an elcetropherogram of restriction fragments produced 

30 using the system of Figure 25; 

Figure 30 is a schematic view of a microchip laboratory system according 

to a seventh preferred embodiment of the present invention. 

Figure 31 fe a schematic view of the apparatus of Figure 21, showing 
sequential applications of voltages to effect desired fluidic manipulations; and 
35 * Figure 32 is a graph showing the different voltages applied to effect the 

fluidic manipulations of Figure 23. 
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Pfiftfled Descrii fo'oini o f the Invention 

Integrated, micro-laboratory syst<3ms for analyzing or synthesizing 
dierorieals mpaire a precise ^y of manij^llattag fluids and fluid-bams flmalerial ond 
S subjecting to fluids to selected ehemieol or phygfea! environments that produce desired 
conversions our partitioning. Given the eoKssntratiora of analyses that pmsdue^ <sh®ro^l 
com&sion m reasarabls Earns ccates, the nature of onolecular detection difflaisioro times 
and manufacturing methods for creating devices oh a microscopic scale, miniature 
integrated micro-laboratory systems tend themselves to channels having dimensions on 
10 fthe order of 1 to 100 micrometers in diameter. Within this ©DPtext, elesirokinetk 
pumping to proven to be versatile and effective in transporting materials in 
mieroSibricBaed laboratory systems. 

The present invention provides the tools necessary to make use of 
electrotrinetic pumping not only in separations, hut also to perfbirm liquid handling that 
IS aosompllishes other important sample processing steps, such as chmiical conversions or 
sample partfoioraanig. By simultaneously controlling voltage at a plurality of ports 
connected by channels in a microchip structure, it is possible to measure and dispense 
fluids with great precision, mix reagents, incubate reaction components, direct the 
components towards sites of physical or biochemical partition, and subject the 
20 components to detector systems. By combining these capabilities on a single microchip, 
one is able to create complete, miniature, integrated automated Jabaratory systems for 
analyzing or synthesizing chemicals. 

Such integrated micro-Jaboraxory systems can be made up of several 
component dements. Component elements can include liquid dispersing systems, liquid 
25 mixing systems, molecular partition systems, detector sights, &C. For example, as 
described herein, one can construct a relatively complete system for the identification of 
restriction endonudease sites in a BNA molecule. This single micrafabricated device 
thus includes in a angle system the functions that are traditionally performed by a 
technician employing pipettors, incubators, gel electrophoresis systems, and data 
30 acquisition systems. In this system, DNA is mixed with an enwme, the mixture is 
incubated, and a selected volume of the reaction mixture is dispensed into a separation 
channel. Electrophoresis is conducted concurrent with fluorescent labelling of the DNA. 

Shown in Figure I is an example of a microchip laboratory system 10 
configured to implement an entire chemical analysis or synthesis. The laboratory system 
35 10 includes six reservoirs 12, H, 16, 18, 20, and 22 connected to each other by a system 
of channels 24 micromachined into a substrate or base member (not shown in Fig. l\ as 
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discussed m more fete® below Each reservoir 12-22 as in fluid eonramamication with a 
©orr^st^ng etosftel 24 28, 30, 32, 34, 36, snd 38 of ate ekuisisl system 24. Tfeaflrst 
ebraanri 26 teading from ths first masarvoir 12 is estsssstsd to the second dtaasse! 28 
Iteadtog g©m She sssostd iresssvoir 14 at a fat intersection 38. Ubswm, the third 
5 gterf 30 from the thM feservok 1$ is connected to the fouffth channel 32 as a sesomd 
iagoresGJiosi^O. Ths Area mtcssestion 38 is eoiaaes&ed to the second iroesrsestion 40 by a 
rcastiaii dksmber or tetsl .42. Ths Mh channel 34 Itara tfcs Sfth reasrvoir 20 is also 
connected to ths second inlterBectsoa 40 such that the second intersection 40 is a ®>«r- 
way tatesrseetion of shares 30, 32, 34, and 42. The fifth etenneS 34 also Masects ths 
BO ^hdJ^^36&om«hej^hrassm>ar22ala&hdiiiiS^seaion4l4 

The materials stored in the s^gsrvsais preferably are tratfssporled 
elestrokineuGafly through the shwasl system 24 in order to implement the desired 
analysis or synthesis. To provide such elestroJdagtie transport, the laboratory system 10 
includes a voltage controller 46 capable of applying selectable voltage levels, including 
15 ground Such a voltage controller can be implemented using multiple voltage dividers 
sad multiple relays to obtain the selectable vohage tevek The voltage controller is 
connected to an electrode positioned in each of the sis reservoirs 12-22 by voltage fess 
Vl-W in ©sder to apply the desired voltages to the material* in the reservoirs. 
Preferably, the voltage controller also includes sensor channels SI, $2, and S3 connected 
20 to the first, second, and third intersections 38, 40, 44, respectively, in order to sense the 
voltages present at those intersections. 

The use of electrokinetic transport on microminiaturized planar liquid 
phase separation devices, described above, is a viable approach for sample manipulation 
and as a pumping mechanism for bquid chromatography. Ths present invention also 
2S entasis the use of elestroosmotic flow to mk various fluids in a controlled and 
reproducible feabion men an appropriate fluid is placed an a (tubs made of a 
correspondingly appropriate material, fimctional groups at the surface of the tube can 
ionize. Sn the ease of tubing materials that are terminated in hydrcayl groups, protons 
wffl leave the surfece and enter an aqueous solvent. Under such conditions the surfece 
30 wall h&w a mi negative charge and the solvent win have an excess of positive charges, 
mostly in the charged double layer at the surfece. Whh the application of an electric 
field across the tube, the excess cations in solution will be attracteJ to the cathode, or 
laegstiv® electrode. The movement of these positive charges through the tube will drag 
the solvent with them. The steady state velocity is given by equation B. 



3S * = — 



LIS. (i) 

4kvi 
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where v is the solvent velocity, e is the dielectric constant of the fluid, I is the ssta 
potential of the sutfcee, E is the deetrie field strength, and * is she solvent viscosity. 
From equation 1 it is obvious that the fluid flow velcaty or flow rats can be controlled 
5 through the dearie field girefragth. Ttos, ale^rmssRioas esa be used a* o programmable 



lie laboratosy microchip systsra 10 gfaown m Fa^nre 1 csajld b© used for 
pertosmiag sausaerous types of laboratory c^ysis or synthesis, such as DNA ssspesseiag 
or analysis, (rfectroehromatography, raieellar elestsokinetic capillar* chromatography 
10 (MECQ, inorganic ion analysis, and gradient elution liquid chromatography, as 
discussed in more detail below. The fifth channel 34 typically is used for electrophoretic 
or electrochromatographic separations and thus may be referred to in certain 
embodiments as a separation channel or column. The reaction chamber 42 can be used 
to mix any two chemicals stored in the first and second reservoirs B2, 14. For example, 
15 BNA torn the first reservoir 12 could be mixed with an enzyme from the second 
reservoir 14 in the first intersection 38 und the mixture could be insubfJ!©^ in the reaction 
chamber 42. The incubated mixture could them be transported through tiie second 
intersection 40 into the separation column 34 for separation. The sixth reservoir 22 can 
be used to store a fluorescent label that is mixed in the third intersection 44 with the 
20 materials separated in the separation column 34. An appropriate detector (D) could then 
be employed to analyze the labeled materials between the third intersection 44 and the 
fifth reservoir 20. By providing for a pre-separation column reaction in the first 
intersection 38 and reaction chamber 42 and a post-separation column reaction in the 
third intersection 44, the laboratory system 10 can be used to implement many standard 
25 laboratory techniques normally implemented manually in a conveatkm&l laboratory. In 
addition, the elements of the laboratory system 10 could be used to build a more 
complex system to solve more complex laboratory procedures. 

The laboratory microchip system 10 includes a substrate or base member 
(not shown in Fig. 1) which can be an approximately two inch by one inch piece of 
30 microscope slide (Coming, Inc. #2947). While glass is a pretested material, other similar 
materials may be used, such as fused silica, crystalline quartz, msed quartz, plastics, and 
silicon Of the surface is treated sufficiently to alter its resistivity). Preferably, a non- 
conductive material such as glass or fused quartz is used to allow re atively high electric 
fields to be applied to electronically transport materials through channels in the 
35 microchip. Semiconducting materials such as silicon could also be used, but the electric 
field applied would normally need to be kept to a minimum (approximately less than 300 
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volts per centimeter using present sechniques of providing insulating JayersX which may 



The channel pattern 24 h famed in a planar surfocs of tite substrate uabg 
standard photolittographic prcssdures followed by shanics! wet etiMng. The ehasassd 
5 pattern rosy bs transferred onto the sabserat© with a positive pfeotor-usist (Staple? IBS 1) 
and an ©-beam written chrome mask pnstitutQ of Advaacsd Mastering Sacncgs, 
toe.). The pattern may be diemfcally etched using HF/NHJF solution 

After forming the channel pattern, a mm piate may then be bonded to 
the ^tm©ming a direct bonding tM^^i^^^^^^^^^^ 
10 surfaces ore hydroSyagd in a dilute NHttfflHA solution and to joined. The 
assembly is to annealed at about 300° C an order to insure proper adton of the 

©over plate to the gubstsate. 

Following bonding of the ©over plate, the reservoirs are afifeed to the 
substrata, with portions of the cover plate sandwiched therebetween, using oposy or 
US sutebl® means. Tfes ressrvoira ean be cylindrical with open opposite aaial ends. 

Typieally, electrical ©ontaet is made by placing o platinum wire electrode in each 
reservoirs. The electrodes are connected to a voltage controller 46 which applies a 
desired potential to select electrodes, in a manner described in more detail below. 

A cross section of the first channel is shown in Figure 2 and is identical to 
20 the cross seetion of each of the other integrated channels. When using a noncrystalline 
material (such as glass) for the substrate, and when the channels are chemically wet 
etched, an isotropic etch occurs, U, the glass etches uniformly in all directions, and the 
resulting channel geometry is trapeaoWal. The trapezoidal cross section is due to 
"undercutting 0 by the chemical etching process at the edge of the photoresist In one 
25 sanbodiment, the channel cross section of the illustrated embodiment has dimensions of 
S 2 Hm in depth, 57 pm in width at the top and 45 urn in width at the bottom, to 
anote embodiment, the channel has a depth °d" of 10pm, an upper width W of 

90p.m. and a lower width °w2" of 70pm. 

An important aspect of the present invention is the controlled 

30 eleetrotatie transportation of materials through the channel system 24. Such 
controlled electroldnetie transport can he used to dispense a selected amount of material 
from one of the reservoirs through one or more intersections of the channel structure 24. 
Alternatively, as noted ^bove. selected amounts of materials fiom two reservo.rs can be 
transported to an intersection where the materials can be miaed in destred 

35 concentrations. 
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Shown in Figure 3 ig a laboratory component 10A that ©an be imd to 
'mpltsmssSl o preferred method of transporting smterials through a channel steueture 24A 
The A following ®acfe owmbsr ma Figure 3 indicates that it eowespoads to an analogous 
5 element of Figure 1 ©fftha ram© nwbsr Tssfiltout fifes A. For ampBeHy, the electrodes 
and fifes connections fio fife® voltage controller fifeat controls fifee traasport of srsterials 
through fifes ehaaasl system 24 A ore root cfcowa in Figure 3. 

The maeroefeip labonatofy system BOA sksro/n on Figure 3 controls fifee 
amount of material from the te reservoir 12A tfamp©ffi©dl through ire intersection 40A 
50 toward fifee fourth reservoir 20A by elcctrolrineticailly opening and closing access to the 
intersection 40A from the first channel 26A As such, the laboratory microchip system 
I0A essentially implements a controlled eleefirolanetic valve. Such an electrokinetic 
valve can be used as a dispenser to dispense selected volumes of a single material or as a 
Kaiser to mht selected volumes of plural materials m the intersection 40A. In general. 
15 electro-osmosis is used to transport "fluid materials" and electrophoresis 5s used to 
transport ions without transporting the 9uid material surrounding the ions. Accordingly, 
as used herein, fifee term "materiaT is used broadly to cover any form of material, 
including fluids and ions. 

The laboratory system 10A provides a continuous unidirectional flow of 
20 fluid through the separation chaimsl 34A. This injeerion or dispensing scheme only 
requires that the voltage be changed or removed from one (or two) reservoirs and allows 
the fourth reservoir 2QA to remain at ground potential. This will allow injection and 
separation to be performed with a single polarity power supply. 

An enlarged view of fihe intersection 4GA is shown in Figure 4. The 
25 directional arrows indicate fihe time sequence of fihe flow profiles at the intersection 40A. 
The solid arrows show fihe initial flow pattern. Voltages at the va-ious reservoirs are 
adjusted to obtain the described flow patterns. The initial flow pattern brings a second 
material from fihe second reservoir 16A at a sufficient rate such ifeat all of the first 
material transported fiom reservoir 12A to the intersection 40A is pushed toward the 
30 third reservoir ISA. In general, She potential dEsmbutiom will ba such tot the highest 
potential is in the second reservoir 16A, a slightly lower potential in the first 
reservoir 12A, and yet a lower potential in the fifeird reservoir ISA, with the fourth 
reservoir 20A being grounded. Under fihese conditions, the flow towards the fourth 
reservoir 20 A is solely the second material from the second reservoir I6A. 
35 To dispense material from the first reservoir 12A through the intersection 

40A, the potential at the second reservoir 16A can be switched to a value less than the 
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potential of the first rtgseffvoir S2A ojt she potentials at mgservoirs ISA DM/or USA, can be 
floated siffloraKSraKsriBy to pow&de ah© flow stown by the short dashed arrows in Figure 4. 
Umd@r these conditions* flh© primary flow will be from the fim rssemjir 12 A down 
towards &@ separation efeoawd wast© iraservoir 20A. T&e Stow frnssa the sssond asud 
5 fthW jnssmoto ISA, ISA ^ to Mali oad emM fee in @fthsr dinsstion. This condition is 
held tens OBmsgfa to transport a desirsd antsuiat of ras&esial firoon she first reservoir 32A 
tforrogk to intersection 40A ad into A© cepsr®tion channel! 34A. ASes- suiSdent tisnc 
for Gh© toar©d msa^sd so pis through fcJue 5sBte^s^s« 40 A, Gh© wtage distribution is 
switched bask to fifes original) values to pravent additional material fiomie fim raservoir 

10 12A from flowing tthrougfa the intersection 40A toward the separation chsmsi 34A. 

Oa® application of Bich a "gated dispenses?" is to jnj@5t a controlled, 
variabl©-s5aed plug of analyte from the first reservoir 12A for electtophoretic or 
dromBtogmpfe sepsunstion in the separation channel 34A. In such a system, the first 
mgWQi? 12A stores analyte, the second reservoir 16A stores an ioiriic buSer, the third 

IS r^snfoar ISA is a first waste reservoir and the fourth reservoir 20A is a second waste 
reservoir. To iinject a snail variable plug of analyte from th© first ngsemrir 12A, the 
potentials at th® tafe and first waste reservoirs 16A, ISA are simply floated for a short 
period of time (* BOO ras) to allow the analyte to migrate down the separation column 
34 A. To break off the injection plug, the potentials at the buffer reasryoir H6A and the 

20 first waste reservoir 18A are reapplied. Alternatively, the valving sequence could be 
effected by bringing reservoirs 16A and 18A to the potential of the intersection 40 A and 
then returning thena to their original potentials. A shortfall of this method is that the 
composition of the injected phig has an electropfeoretic mobility bias wherehy the foster 
migrating compounds are introduced preferentially into the separation column 34A over 

25 slower migrating compounds. 

In Figure 5, a sequential wew of a plug of anaflyfce moving through the 
intersection of the Fogure 3 embodiment can b© seen by CCD images Th© analyte being 
pjmped through the feboratofy system 10A was rhodaraine B (shaded area), and the 
orientation of th© CCD images of the injection cross or interior, is the same as in 

30 Figuif© 3. The first image, {AX shows the analyte being pumped through the injection 
gross or intersection toward the fim waste resesvoir USA prior to the injection. The 
second image. (B), shows the analyte plug being injected into (the separation column 
34A. The third image, (Q, depicts the analyte plug imoviag away Erom the injection 
intersection after an iqection plug has been completely introduced into the separation 

35 column 34A, Th© potentials at the buffer and first wasto reservoirs 16A, ISA wens 
floated for 100 ms white the sample moved into the separation column 34A By the rime 
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of the (Q mage, the dosed gate mode has resumed to &op fertte analyte from aftovkg 
fcmug^ the taersectaon 40A into the separation (solas*™ 34A, § dean Hgestaoa plug 
rath a fessgth of 142 fr&m has istrodiaesd into Riis osgpasatiiozi cohim. As discussed 
below, fthe gated injector coatribufogs to only a minor fce&iion of the total plat© fesight. 
S The is^esriofl plug teflgfclh (vokra®) is a taction of the tiin@ of ihv isajostiion and the 
electric Sdd strength on the column. Ths shape of the iiajeeted plug is shewed slightly 
fescexxse tffthe diirastionality of the deaving buffer flow. However, fiv a given injection 
p^rio^, te reproducibility of till© amount injected, de&smiinsd by iategrating the peak 
area, is 11% KSO for q series of 10 repfieate injectas. 

10 lEleetropfcoflgsis essparimgaats were conducted usayig the microchip 

Saboratory system IDA of Figure 3, ond employed m^tmdology according to the present 
invention. Chip dynamics were analyzed using analyte fluorescence. A charge coupled 
device (CCD) camera wis used to monitor desigDiat©d areas of the chip ond a 
photemultiplier Hubs (PMT) tracked single point evenis. The CCD (Princeton 

15 Instruments, Sine. TE/CCB-512T&M) camera was mounted on a stereo microscope 
(N&db SMZ-U), and the laboratory sysaom IDA was fcmfested u&ng aa argon ion laser 
(514.5 mk Cohort Inaova 90) operating at 3 W rath the beam ©cposided to a circular 
spot * 2 em in diameter. Ths PMT, with collection optica, was situated below ths 
Gnieroehip with the optics! &ds perpendicular to the microchip surface. The laser was 

20 opesi&ed at approximately 20 mW, and the beam impinged upon the microchip at a 45° 
single ta the microchip surface and parallel to the separation channel. The laser beam 
and !?MT observation axis were separated by a 135° angle. The point detection scheme 
employed a hdium-neon laser (543 ran, PMS Electro-optics LHGP-0051) with an 
electrometer (Keithley 617) to monitor response of the PfcffT (Ond 77340). The voltage 

25 controller 46 (Spellman CZE 1000R) for electrophoresis was opsrated between 0 sand 
+4.4 kV relatives to ground. 

The Gyp® of gated injector described with respect to Figures 3 and 4 show 
electrophoretic mobility based bias as do conventional electrci)smotic injections. 
Nonetheless, this approach has simplicity in voltage switching requirements and 

30 Sabrieation md provides continuous unidirectional flow through the separation channel. 
In addition, the gated injector provides a method for valvimg a variable volume of fluid 
into the separation channel 34A in a manner that is precisely controlled by the electrical 
potentials applied. 

Another application of the gated dispenser IDA is to dilute or mix desired 
35 quantities of materials in a controlled manner. To implement such a mixing scheme in 
order to miss the materials from the first and second ireservoirs 12A, 16 A, the potentials 
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in the first oad second channels MA, 30A need to be sraratoDsiwiS Mgher ten the 
pofisslM of Eh® taesraestjon 40A toiisg mixing. Sash pofcs&tiola wilJ causs Sfcs ffifitafMs 
from the first osd aeeond reservoirs I2A and USA to sasaultoneojaslj nm@ tk-ough Hhe 
im@S3sfeffl 40A asd thereby rcax the two materials. Tfes poteatials applied at As first 
oad seeasd sessswire 12A, ISA sua be adjured ss desired to achieve the eslestted 
mm^mmn of each material. Me? dlspeasiag «hs desared omouira of each masM. 
the pstesttid at the second ireservoir 16A snay ksrsaasd m a raiaraner sufllcient to 
prewsat tote ssmterkS torn the ISM reservoir 12A from beams transported through she 
intersection 40A toward the third reservoir 30A 
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Shown in Figure 6 is a microchip analyte injector HOB according to the 
present Savestion. The channel pattern 24B has tour distinct channels 26TB, 30B. 32B. 
and 34® mjcromscMncd onto a substrate 49 as discussed above. Each channel has an 
15 seeQSJpanyiflg reservoir mounted above the teisninus of each channel portion, and all 
tow efaiKsla bserseet at erne end in a tour way Mm^Hoa 40B. The opposite ends of 
eaeSt section provide termini that e*t@ad just beyoad ahe peripheral edge of a cover plate 
45? enouated on the substrate 49. The anaSyt® injector 80® shown in Figuir® 6 is 
substantially identical to the gated dispeaser 10A essespt that the electrical potentials are 
20 applied in a manner that injects a volume of material from reservoir 16% through the 
intersection 40B rather than from the reservoir 12® and the volume of material injected 
is controlled by the size of .the intersection. 

The embodiment shown in Figure 6 can be used for various material 
manipulations. In one application, the laboratory system is used to m est as aaalyte from 
25 an aaalyte reservoir 16® through the intersection 40® tor separation m the separation 
channel 34®. The analyte injector 10® can be operated in either "toad" mode or a "nun" 
mode. Reservoir 16® is supplied with an analyte and reservoir 12B with buffer. 
Reservoir 18® acts as an analyte waste reservoir, and reservoir 2 OB acts as a waste 
reservoir. 

30 jjj load" mod®, at least two types of analyte 5atroduction are 

possible. fa the first, taown as a boating? lo^ 

reservoir 16® with reservoir 18® grounded. At the same time, reservoirs 12® and 20B 
are floating, meaning that they are neither coupled to the power source, nor grounded. 

The second toad mode is "pinched 0 loading mode, wherein potentials are 
35 simultaneously applied at reservoirs 12®, 16®. and 20®, with reservoir 18® grounded m 
order to control the injection plug shape as discussed in mote dcuiil below. As used 
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herein, simultaneously controlling started potggjtMs m plural [reservoirs mmm that the 
electrodes ore connected to a operating power sootbs at tits ranrae chemically significant 
tiros period. Floating a reservoir unsaas dfe$onft@ssisBg ska eleerode m the ffssorwoir from 
the power source and thus the etestrical pfceafel as th© mssesveir 5s mot controlled. 
5 Knghe W mode, a pafcestfel 5s G^plM to the buffer mssemrir E2® with 

rassrvoir 20B gnsunded and with reservoirs 1@B and 18E at a^prcssissiateSy half of the 
potential of flgseavoir 12B. Busing the run mod©, th© datively high potential ©pplied to 
th© buffer ir®§®£v©ir 12® eauses ahe anslyt@ in ate intersection 40B to move tomrd the 
wast© (reservoir 20® eh tha separation column 34B. 

10 Diagnostic experiments wore perfbrfifted using rfeodasaine B and 

sulforhodamine 101 (Exdton Chemical Co., Inc.) as the ©rcalyte at 60 for the CCD 
images and 6 jjjM for th© point detectaoin. A sodium tetraborate buffer (SO mM, pH 9.2) 
was She mobile phase in the ©qperiraeats. M bjcction of spatially well deferred small 
volume ( & 100 pL) and of small longitudinal ( ~ 100 iam) t injection is beneficial 

15 when performing these types of analyses. 

The analyse is goaded into the injection crass as a frontal 
elosiropheragram, aad oace the front of the slowest onatyce component passes through 
the injection cross or intersection 40B, the analyte is ready to be analyzed. In Figure 7, a 
CCD image (the area of which is denoted by th© broken line square) displays the Sow 

20 pattern of the analyse 34 (shaded area) and the buffer (white area) alirough Ohe region of 
the injection intersection 40B. 

By pinching the flow of the analyte, the volume of the analyte plug is 
stable over time. The slight asymmetry of She plug diape is due to the different electric 
field strengths in (the buffer channel 26B (470 Worn) and the separation channel! 34B 

25 (100 V/cm) when 1.0 kV is applied to the buffer, the analyte and the waste reservoirs, 
md the analyte waste reservoir is grounded. However, the different field strengths do 
not influence th© stability of the analyte plug injected. Ideally, when the anaJyt© plug is 
injected into the separation channel KB, only the analyte in the injection cross or 
intersection 40B would migrate into the separation channel. 

30 Th© volume of the injection* plug in the injection cross is approximately 

120 pL with a plug length of 130 pm. A portion of the analyte 34 ir. the analyte channel 
30B and the analyte waste channel 32B is drawn into the scpaiation channel 34B. 
Following the switch to the separation (nm) mode, the volume of the injection plug is 
approximately 250 pL with a plug length of 208 jam. These dimensions are estimated 

35 from a scries of CCD images taken immediately after the switch is made to the 
separation mode. 
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The two modes of loading were tested for the ariahr-S kteoduction imo 
iSie8^iratiOQfihaang8 34B. The analyt® was placed in She anah/te reservoir 16®, and to 
iiajeeaion sshastss was "transported" to Che (fes&fon of resareoir 18®, a waste 
CCD images of the two types ©f tsgeetfons are depietsd to Figures 8(a)-8(e). 
sshesaaticalty shows She inteissetion 40®, as well ass 0fc3 sad postions of 



Tha CCD toag© of Figure 8$) is of leading ® ^ ptos*^ ""^ ^ 
prior 8® fc^swatehed to thensa mode, Ifl afas ptoehsd smod^ eratyte (shown as white 
against the «3§rk background) is pumped dosSrophofsMy and G^ttooasnotfeaMy from 
10 ressmiir 16® to ffesesvoir IBB (l<$ to «ght> ^ from ^ t '*' reservoir 12B 
(top) and the waste reservoir 20B (bottom) traveling toward reservoir 181 (right)- The 
voltages cppfied to reservoirs 12®. 16B, 18B, and 20® were 50%. 50%. 0. and S00%. 
respectively, of the power supply output which correspond to electric fidd strengths in 
the corresponding channels of 400, 270, 690 and 20 V/cm. respectively. Although the 
IS voltage applied to the waste reservoir 20B is higher than voltage applied! to the analyte 
regsrvoir B8B, She additional length of the separation channel 34B compared to the 
analyte channel 30® provides addhioaal electrical resistance, and thus the flow from the 
snaByte huffier 16® into the intersection predominates. Consequently, the analyte to the 
injection cross or tesrseetion 40B has a trapaoidal shape and is spatially constricted to 
20 the channel 32® by Shis material transport pattern. 

Figure 8(c) shows a Soaring mode loading. The analyte is pumped from 
reservoir 16® to 18® as in the pinched injection except no potsntial is applied to 
msswm 12® and 20®. ®y not controlling the flow of mobile phase (buffer) in channel 
portions 26® and 34®. (he analyte is free to expand into these channels through 
25 convective and diffusive flow, thereby resulting in an attended injection plug. 

When comparing the pinched and floating injections, the pinched injection 
is superior in three areas: temporal stability of the injected volume, the precision of the 
injected volume, and plug length. When two or more analytes with vastly different 
mobilities are to be analysed, an injection with temporal stability insures that equal 
30 volumes of the taster and slower moving analytes are introduced into the separation 
column or channel 34®. The high reproducibility of the injection v3tome fiwilitates the 
ability to perform quantitative analysis. A smaller plug length leads to a higher 
separation efficiency and, consequently, to a greater component capacity for a given 
instrument and to higher speed separations. 

To determine the temporal stability of each mode, a scries of CCD 
fluorescence images were collected at 1.5 second intervals starting just prior to the 
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amilyte rushing the inje&ion intesectikm 4QB. An estimate of aha quotd! of a&gjyft© 
to is injected was d&<gn?nin©d by itoti^raaiag the fluorescence an the oatsrsmion 40B 
sad charaefc 2<SB and 34B. This fluorescence is picked m^s to^iralFogyire 9. 

For She pkehgd ky@^5©s\ the iajjostod wlura© SteKb/ea sbb a Sew gssosds 
5 ogtd) has a stability of i% g^ilfiv© &anda*d ds^ota (RSDX w8?kh is (^poo^l© to the 
stability of die ffluisrinating laser. For fifes Hosting itogestea, the osrasd of oraalyt© to be 
Ejected into the separation dMimd 34B isDsstsases with time because of fth© dispersive 
flow of aaatyi© onto chunks 26B osui 34®. For a 30 oesoad kjeeaio?^ the volume of the 
injisctiofl plug as n. ©0 pL and &sbte for Ste pksfcsd injection was ca. 300 pL and 

SO eostirajously SncrtMftg v^ith tisne for a ioatog injection. 

By monkonng te separation etartd at a point 0.9 on £fom the 
intea'seetion 40B, the reproducibility for the piachsd injection roods was tested by 
integrating lite area of the bond profile following iintrodluction into the separation channel 
34B. For injections with a duration of 40 geoonds, the reproducibility for the pitched 

15 ^©stioia is 0.7% RSD. Most of Jfeis ncsasasred instability js torn the optical 
nneasurcmeflt system. The pinched injection has a higher rcprndoaciliffity because of the 
temporal stability of the volume Sheeted. With decironii<s3% controlled voltage 
switching, the RSD is greeted to iimprove for both schemes. 

The injection plug width and, ultimately, the resolution bstwssn analytos 

20 depends largely on both the Sow pattern of the analyse and the dimensions of the 
injection cross or intersection 403. For this column, the width of the channel at the top 
is 90 (imp but a channel width of 10 \xm is feasible which would lead to a decrease in the 
volume of the injection plug from 90 pL down to 1 pL with a pinched injection. 

There ©re situations where it may not be desirable to msverse the flow in 

25 th@ separation channel m described above for the a pinched a and °floating Q 5nj©ction 
schemes. Examples of such cases might be the injection of & new sample plug before the 
preceding plug has been completely eluted or the use of a post-column [reactor whera 
reageaj is continuously being injected into the end of the separation coSusm. In the kilter 
esse, k would in general not be desirable to have the reagent flowing back up onto the 

30 separation channel. 



Alternate Aralyte hector 

Figure 10 illustrates an alternate analyte injector system S0C having six 
different ports or channels 26C, 30C, 32C, 34C, 56, and 58 respectively connected to six 
35 different reservoirs 12C, 16C, ISC, 20C, 60, and 62. The letter C after each element 
number indicates that the indicated element is analogous to a corresivondingly numbered 
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elsESfflits of Figure 1. The microchip fcfantoiy sysean IOC * Mor to laboratory 
sy» 10, lO^a^lOB toW previoasty. w to* an injesfew* cross or Miction 
40C is prated. 2® Fi^ 10 e^unent, a ceoond toe^ 64 and two 
a^Mirf sotgot 60 and ^ also provide to m^mm the scleras ^* 

Ose to prBwisas erafesfess^ the anaflyte mjemr &ys&OT JSC gw be 
uarf to on osaalyte esparattoa by daaroptew^ or tomato®^ ®r 

fes^ir 12C ©attains separating bufibr, H6C cootams to andyte. and 

with re^rs 50 ^ 62. a^ uesd so provide addhional 0o* so 



to,i^^»fcite«*o*M»*nwi»i*M«. Tn3io^r^™»«»-, 
AM wwSw with re^rs 50 ^ 62. uesd so prwde addfeoml 0o* 
to a coataous buffer atewra can be dinssted d«wrtte«»K 

ond when needed, upwards *• to j 8fiSton to^ 0 ® ««• 

IS dtew^ S6 are not necessary, although they improve performance by sstog 

baad todeamg as a plug pre the lower Mm^n 64. In many cm to ^ 
fiomtessR^GOw&lbesyn^^ 

Bgure 11 is an enlarged view of the two intersections 40C nnd 64. The 
differ** types of arrows show the Sow directions at given i^anses in time tor mjeetion 

20 of a phig of anaiyte Into the separation The solid am>m show the uutol flow 

pattern where the anaiyte is dectrotdnstiesBy pumped into the upper intersection 4CC 
and "pinched 0 by flow torn reservoirs 12C. 60, and 62 toward this some 

intersection. Ftow away tan the injection intersection 40C is carted to the anaiyte 
waste resssvoirlSC. The anaiyte is dso flowing from the reservoir 16C to the anriyte 

25 waste iressrW 18C. Under these conditions, flow tan reservoir 60 (and reservoir 62) 
is ifco going down the separation channel MC to to waste ramvoir 20C. Such a flow 
fe oreated by simultaneously controlling the electrical potentials at dl m 

psservoirs. . . . /, nr 

A plug of the anatyte is injected through the injecton intersection 40C 

30 into the separation channd 34C by ^ » *■ «~ 

fcsfed aZL Suffer flow* down tan reservoir 12C to the tojeo.ion mt^on 40C 
and towiTds tescrvoirs 16C. i&£ and 20C. This Sow profile also pushes the anslyto 
plug toward waste reservoir 20C into the separation channel 34C » described before. 
Ttb flow profile is held for a suffice length of time so as to move the anal* to plug past 

35 tbelowcrk^ctionW. ltafccfi*l»-i-^«-«f* tal 7" 
Wilted by the short arrow and into the separation channd 34C to rmmima dBtortion. 
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The distance between the upper and lower isKtsrsgsticsis 4CC and 64, 
respssfiively, should be as ssaall as possible to unianraas plug distortion and critkaKty of 
tobag 5ta ste switching fesswaen she Kw© flaw condiAms. SseSrodes for sensing she 
electrical potent auay als® be pW si «&© tewar caisimto and i* fifes dwsls 26 
aad S8 to assist in adjusting ah© nfeirieal potentials for proper <r ® B * roL AesaffiGXe 
flow corat^ oft the lower taterseetioa 64 may he necessary to prewar* undessred ted 



After she sample phag pases die lower intersection, the potentials are 
swiSehed back do she isutial eondraoias to give the origmal Sow praslc as shown with She 
10 tong dashed arrows. This tow pattern will allow fearer Sow too she separation chawd 
34C while She aast analyse plug is being sransporsed to She plug foniang region in she 
upper intersection 40C. This injection scheme will allow a rapid succession of injections 
to be made and may be very imports** for samples that are slow to mgrate or if it takes 
a long time to achieve a homogeneous sample at the upper intersection 40C such as with 
15 entangled polymer solutions. This implementation of the pinched injection also 
maintains umdiressional flow through the separation chatwel .as oraigta be required for a 
post-column reaction as discussed below with respect to Figure 22. 



20 Another embodiment of the invention is the modoficd analyte injector 

system 10D shown in Figure 12. The laboratory system 10D shown in F>gure 12 is 
substantially identical to the laboratory system SOS showsa m Figure 6. except that the 
separation channel 34B follows a serpentine path. The serpentine path of the separation 
channel 34D allows the length of the separation channel to be greatly increased without 
25 substantially increasing the area of the substrate 49D needed to implement the serpentine 
path. Increasing the length of the separation diannel inches the ability of the 
laboratory system 10D to distinguish elements of an analyte. In one particularly 
preferred embodiment, the enclosed length (that which is ©overed by the cover plate 
49D0 of toe channels extending from reservoir 16B to reservoir 18D is 19 mm, while the 
length of channel portion 26D is 6.4 mm and channel 34D is 171 mm. The turn radius of 
each turn of the channel 34D, which serves as a separation column, is 0.16 mm. 

To perform a separation using the modified analyte injector system 10D, 
an analyte as first loaded into the injection intersection 40D using one of the loading 
methods described above. Mer the analyte has been loaded into the intersection 40D of 
35 the microchip laboratory system 10, the voltages arc manually switched from the loading 
mode to the run (separation) mode of operation. Figures I3(a>13(e) illustrate a 
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separation of diedasaafae B (less retained) end ssd&irfcsstorons (nscore retaks^) using the 
mm Mg soadhtoM: Ebtf-^OOV/sw. ISO V/cm, buffi*- 50 mMecdium 

«efflabcrat@a2pHS>.2. The CCD images demonstrate the separation jtrcsosc a£ 1 essond 
inisrvds, «Ah Figure 13(a) stowing a sdiemsfle of Ite section of the ship aaaged. ond 

S with Forres 13(b>13(e) sSiowifflg the separation unMd. 

Figure 13(b) again ohows the pansfoed injection witb tta oppliad ^&9ges 
as reservoirs 120. 160. and 20B equal and ressreoir 180 grounded. Fogures 13(e)- 
13(b) shows the plug moving away from tits intersection at 1, 2, and 3 seconds, 
respsstivsSy, after switching to the run mode. In Figure 13(cfc ** injesuou P^S is 

10 migrating around a $0° asm, and Ssand distortion is viinble due to the inns- portion of the 
phig araveKng less distance to the outer portion. By Figure 13(d ), she analyses teve 
separated into distinct bands, which are distorted in the shape of a paraBdogram. In 
Figure 13(e), she hands are well separated and have attained a more rectangular shape, 
U, collapsing of the parallelogram, due to radial diffiisaon, on additional contribution to 

15 efficiency hm 

When the switch is made from the load mode to the run mode, a drain 
break of the injection plug from the analyie stream is desired to avoid tailing. This 5s 
achieved by pumping the mobile phase ©r buffer from channel 26D into channels 3QB. 
32D, and 340 saimiltansously by maintaining the potential at the intersection 40O below 

20 the potential off reservoir 120 and above the potentials of reservoirs I6D, 1SD. and 20O. 

5n ahe representativ® experiments described herein, ite intersection 40B 
was maintained at 66% of the potential of reservoir 12B during the ran mode. This 
provided sufficient flow of the analyte back away from the Ejection intersection 40B 
down channels 30D and 32D without decreasing the field strength in the separation 

25 channel 340 significantly. Alternate channel designs would allow a greater fraction of 
toe potential applied at reservoir 12D to be dropped across the separation channel 34B. 

thereby improving efficiency. 

This three way flow is demonstrated in Figures 13(c)-13(e) as the 
analytes te channels 30D> and 320 (left and right, respectively) imova further away from 
30 the intersection with time. Three way flow permits well-defined, reproducible injections 
with minimal bleed of the analyte into the separation channel 34D. 



In most applications envisaged for these integrated microsystems for 
33 chcmfcsl analysis or synthesis it will be necessary to quantify the material present in a 
ehannel at one or more positions similar to conventional lafcratory measurement 
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prosssses. Techniques tJypi^ally utilized flbr quantification include, but mi Drafted to, 
opfck&! obsofite^, mg&racthf© index changes, Sfeoressess® em^gon, A^femin@ss©x?s^ 
various foraos of l&smsn sps©tra>esopy, elecSrisol condiagtofiaetrk oneasuremealLa, 
e&eetrodtosmicai amperiofifflesric imea&iinsm^tSo ac@u&ie mive pinsipagaion eaeasungmeats. 
S ©p^eal obsorfcssace saeosjffesfcgata Off© comfi&snndy esmpltojfisd wMi 

(gomf^iws! labojratory Molyess systems fessaaass of the ©sacraliaty of to jpk^TOnro m 
the UV g^ottets of 6h© ©I©GtroraQga<§tiG opsetraraL OptM obefurbssffie 5s commoraly 
detem&med by measurif^g the attenuation of impinging ©pfeal p©^gr «s sx passes through 
a ksio^fa length of ralerial to ks ^uantifed. AhjemaflivQ approadto ore possible witfi 

30 l&9@r technology including photo acoustic and photo ahermal rechnicpes. Suds 
sneaaaire&fiestits om be utilised with the microchip technology discussed fcsre with Rhe 
additions®! adv&m&ag© of potentially integrating optical mve guides on ffliticrofabricated 
devices. The \m of solid-state optical sources m&h as LEDs assd diode lasers with and 
without frequency conversion etatsnts would be attractive for ingduGiioQ of system size. 

15 Integration of solid state optical source cad detector (technology onto a chip does not 
presently appear viable kit may one day be of interest. 

IRgfec&ive index detectors hav© also been contmonSy ws6 for 
quantiffication of Sowing stream chemical analysis systems because of generality of the 
phenomenon but have typically been less sensitive than optical absorption. Laser based 

20 implementations of refractive index detection could provide adequate sensitivity m some 
situations and ham advantages of simplicity. Fluorescence emission (or fluorescence 
detection) Lb an ©stremely sensitive detection technique and i$ corauronly employed for 
die analysis of biological materials. This approach to detection has much relevance to 
miniature chemical analysis and synthesis devices because of the sensitivity of the 

25 technique and the small volumes that can be manipulated and analyzed (volumes in the 
picolater range are feasible). For example, a 100 pL sample volume with ! nM 
concentration of analyte would have only 60,000 analyte molecules to be processed and 
detected- There are several demonstrations in the literature of detecting a single 
molecule in solution by fluorescence detection. A laser source is often used as the 

30 ^citation source for ultrasensitive measurements but conventional li^ht sources such as 
rare gas discharge lamps and light emitting diodes (LEDs) are also used The 
fluorescence emission can be detected by a photomultiplier tube, pliotodiode or other 
light sensor An array detector such as a charge coupled device (CCD) detector can be 
used to image an analyte spatial distribution. 

35 Etaman spectroscopy can be used as a detection method for microchip 

devices with the advantage of gaining molecular vibrational information, but with the 



23 



disadvantage of relatively pc°r s^tivity. MtfcAy to» teen to^djh^ 
esteiesd IRaman spectroscopy (SERS) ^tad^ tte ^rch fevel 
EteefifeaJ «r etomch^ detection approach oe ako of part/ata notary fi* 
fapte^n raicrochip to* » «t» «• * tot^o- « • « 

^ sensrai approach to dectrica? q^esto ta o cc^ctomstric m^mm^ La 
o »i of the Activity of an imz soiqfe Tbe pjsss^s of sa roiled 
^ „ o^P^y *• caada^ of a Wd ad I ita 

M^m^mmc mz^mz** fe^ly «te assure®** of ete 

,0 through an eleetrode a a given eterica! potential due to the red— or «ada»on of a 
Molecule at the electrode. Some selectivity cm be obtained by coffins P***^ 
of the electrode but 58 Is minimal. Amperiometric detection is a less general tectajue 
to conductivity because not ail molecules cam be reduced or o*«fed within the lin^d 
poMdditeopi be usedwfeh common «*mn. Sensitivities in the I aM range tews 

S5 L demonstrated » «« volume (10 nL). The other advante^ of this i «*-IP» » 
to to number of m«d (tough the curn^) «M ^ to number of 

molecules present The decides &r dtar of these detection .ritedt o» be 

lauded on a mierofebricated device through a ^tomographic patterning and mete* 
deposit process. Beeves could afco be used to initiate a 

20 detection process. an eacited aste molecule b generated via an o^o^reductao, 
process which then transfers' its energy to an analyte molecule, afcsapiendy emtttmg a 

photon that is detected. . 

Acoustic measurements can olso te used for qpstiTctfni of materials 
to have not been widely used to date. One method that has taftuud primarily 
25 phase detection is the attenuation or phase m tf - sur^acc^e wave (W 
Urpuonoftnaterialtothe^^ 

the propagation characteristics and allows a concentrate determmauon. Select.ve 
ZLlm L surface of the SAW device are often used. Sinular toques may ba 

useful in the devices described herein. 

, fl m pbdng capabilities of the microchip laboratory systems described 

teein lend ahem***, to detection processes that include the addition of one or more 
agents. Derivation reactions are commonly used in biochemical assays. For 
Zpte amino acids, peptides and proteins are commonly kfceled with dansylatmg 
reagents or o-phthaldialdehyde to produce fluorescent moleW.es that are easily 

35 deitable. Alternatively, an en^me could be used as a labeling molecule and reagents, 
including substrate, could be added to provide an enzyme amplified detection scheme. 
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ie., the ensym© produces a detectable produict. There are many samples where such on 
approach fess feeen wM m mmrmumd fclboratory [procQdtess no ©ak^ace detection, 
gj&heg- % obsorbencs oir fluoiresceaBse. A third ©sample of o fetectioiiD u^tmd that could 
terfft gross k&egra£ed) nwdig saete^s as d^^mikimkgmssGs detection. In these types 
S of dtetestion csrarioSn a reagent and a GstaSyst wxed wiih arc appropriate target 
®iotecute to pro&um an ©seated ssafce raioleoute that emits a detectable photon. 

Analyse StedciRtt 

To estates ths semfcraty of the racraeMp lataaroiry system 10D, on 
10 amJyte prg-^oneenSfntion <mi be performed prior to the c^araiion. Concentration 
enhancement is a vahaable tool especially analyzing eswirofm^d Maples wd 
biological materials, too areas togeted by microchip technology. Amlyte stackmg is a 
igomfenienfc teshniqu© to incorporate with elestflophoretic analyses. To smp!oy aaalyte 
stacking, nhe srally&g is prepared in a bulSer with a lower eonductiviiy than the separation 
115 buffer. The difference an conductivity causes the ions in the sauJyte to staek at the 
begiGming or ercd of the snaJyte plug, the&tgby resulting in & concentrated analyse plug 
perte? that h detected more easily. Mom elaborate p^onceatration techniques include 
two and tkee bufifer systems, transient isot&chophoreiie preeoncentiration. It will he 
©videos tot the greats? the number of solutions involved, the more difiSeult the injection 
20 technique is to implement. Pro-concentration steps are well suited for implementation on 
a microchip. Electroosmotically driven flow enables separation and sample buffers to be 
controlled without the use of valves or pumps. Low dead volume connections between 
chanacSs ess be easily Sabrieated enabling Scad manipulation with high precision, speed 
and reproducibility. 

25 Referring again to Figure 82, the pre-concentratian of the analyte is 

performed at the top of the separation channel 34D using a modif ed galled injection to 
stack She anslyte. First, an analyte plug is introduced onto the separation channel 34D 
ugfag etec&roosmotic Sow. The analyte plug is then followed by irore separation buffer 
l&om the buffer reservoir 16D. At this point, the analyte stacks at the boundaries of the 

30 analyte and separation buffers. EJansylated amino acids were used as the analyte, which 
are anions that stack at the rear boundary of the analyte buffer plug. Implementation of 
the analyte stacking is described along with the effects of the stacking on both the 
separation efficiency and detection Ernsts. 

To employ a gated injection using the microchip laboratory system 10D, 

35 the analyte is stored in the top reservoir 12D and the buffer is stored in the left reservoir 
16D. The gated injection used for the analyte stacking is performed on an analyte having 
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an eonis Dtraagth that io Bess than that office roasting buffa: BD4fftr 53 ttfDfflS P 0!rtesil ^ 
@JesTO9srs5Q®s torn th© buffer inssesvoir 1GD towards teh Ska analysis waste and wa&e 
pgssr^irg a§D, 200. "Ms W?Qf ssream pireveats the anafiyte Son bleeding into she 
segasata 34D. Within a repressasa^ ossabodiaasat, f£he rotative potentials at 
5 tfcefcufe,a^©,osalytsw^a^ 

For 11 kV applied to the smstosSmp, fibs Md strengths on she GsasHar, aaslyte, anallyte 
waste, Qffid separation channels dursag She separation are 170. 00. ISO, amd 120 V/em. 



To inject «h© analyse ©at© to separate® ctennel 34H>. She poteasM at she 
10 bu$e? resemsiy 1® is floated (opening offfihs high voltage switch) lor a brief period of 
dme (D.1 flo 10 b), and enalyte oaigfases too the ssparEfiion chaaaeS. For 1 kV appJied to 
She rafcrosMp, «be field strengths in the buffisr, sample, sample waste, md separation 
shamnels during she injection are 0, 240, 120. and 1 10 V/cm, respectively. To break off 
the analyse plug, the potential at the buffer reservoir 16D is reapplied (dosing of a high 
15 voteg® switch). The volume of &e amiyie plug is a Suasion of Ste injecto tirae, 
deesrie field strength, and deetropfeoretic mobility. 

The scpsrasion buffer and analyse eompoaitions em be quits diSerento yes 
whh She gated injections She integrity of bosh she analyte and buflfer streams can be 
alternately maintained in She separation chanod 34B to perform She stocking operatic®. 
20 The analyte stacking depends on the relative conductivity of the reparation buffer to 
analyse, y. For ©sample, with a 5 mM separation buffer and a 0.5 16 mM sample (0.016 
mM daasyMysine and 0.5 mM sample IbuffferX 7 is equal to 9.7. Figure 14 shows Swo 
injection profiles for didansyWyan® injected for 2 8 with y equal to 0.97 and 9.7. The 
injection profile withy 0.97 (she separation and sample betters are bosh 5 mM) shows 
2S noctackang. The second profile with y = 9.7 shows a modest enhancement of 3. S for 
relative peak heights over She injection with 7 ° 0.91. MdansyUyuoe is an anzon, and 
thus stacks m She rear boundary of the sample buffer plug, la addition so increase She 
analyte ^ncentration. She spatial eatero of She phig is confined. The iajees.cn profile 
with 7 « 9.7 has a width at half-height of 0.41 s. while the injection r«rofil« *r 0.97 

30 has a width at half-height of 1.88a. The electric field strength in tins separation channel 
34D during She injection (injection field strength) is 95% of She electric field strength in 
She separation channel during the separation (separation field strength). These profiles 
gge measured while the separation field strength is applied. For an injection time of 2 a. 
aa injection plug width of 1 .9 s is estpseted for y a 0.97. 

31 The concentration enhancement due to stacking was evaluated for several 
sample plug lengths and relative conductivities of the separation buffer and analyse. The 
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erchaacemeat due to staeSsEig fecraoses ^ anereosing Asiatic© ^rdtenviaks^ y. In 
Table l v (the eftatsemefflS is fisted fibs- g tea 0.97 to 570. ABtoijgh the ©steae^Fi^ as 
largest ^ssa 7 ° 970 p the c^paroxioa ©ffid^sy aafllsro due to oa e3estt©aOT0tiie pressuire 
(MgaraSi^ Qt Rfeg §@sagQiato32c®a tayrfairy iKfcn the figSag&e e®£^^svfo? 5a too Sasge. A 

5 (gowpmsraks IbsteS3ST) lite otssMag g^w^snim arf espsratiiQia effigD^asy mass be 
irendnied w& y ° BO teg bsen fibrod to be optimal. For sgparatas gerifbraied 
stacked mj@s&Ofi§ ^th y ° 97 and 970, (idaiasyHym© and dasa^ssoJ^sd©© could ®ot 
be trasohfed due to & tegs 5@ effieigaey. A3so, teoauss (fc pmsess ora fthe 

MerasSnajp is ©©^pastes- ^stsdledp erf to Gatasm is eo& physicalBy transported fmn vial 

10 to she reproducibility of to staged ii*g©etfcM8 5s 2.1% rsd (parostt reteitw stedard 
deviation) &r peak area fibr 6 ropli^ste aaaBysss. For co^arisor, the R©ai-sttacSs©d 0 
gated injectiM to a 1.4% irsd for peats sir® for 6 raptfcaie ona&ys&s, snd ths pinched 
injection tes a 0.75% rsd for peak area for 6 repfate analyses. These correspond well 
to mgportod values £br large-seale, commercial, automated capilhiry electrophoresis 

15 instruments. Ho^R/ever, inpeetiioiiBS made on the tsrakmchip are a WO times smaller in 
votaiSp ©.g. 300 pL on the firaicmshsp versus 10 nL m a OTrws*er@al insmuosm. 

Y Concentration Esfenc@ffieM^ < 

0.97 I 
9.7 6.5 
97 11.5 
970 .83.8 

20 

Buffer streams of differed conductivities g$r be accurately combined on 
snierochips. Described herein 5s a staple s&aekiag rnethod, although more elaborate 
stacMng schemes can be employed by febricating a microchip with additional buffer 
reservoirs. In addition, die leading and railing electrolyte bufei ean be sdected to 

25 enhance dh© sample stacking, and ultimately, to tower the detection limits b^rondl that 
demonstrated here. It is also noted that much larger enhancements are ©tpected for 
inorganic (glemental) cations due to ih© eon^ination of field amplified! analyte injection 
and better matching of an&lyte and buSfer Bon mobilities. 

Regardless of whether sample stacking as used, the :mcrodwp laboratory 

30 system 10D of Figure 12 can be employed to achieve electrophorestie ^paration of an 
acolyte composed of riiodamine B and sulforhodamine. Figure J 5 a"e electropherograms 
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afc (a) 3 3 em. (b) 9.9 era. aad (e) IAS « tern to point of injection for rhodarameB 
^ m\m^m^ (m^ mMi. «■» ■-• *» 

tofe - so raM s^jm M?^s at P H 9.2. To to <£mmvkm>&m® «i m 

S 

used at Goeations down to osas of to csBsara&sn ehansnea 34D. 

An tenant ri^ms of to utitty rfa s^P»n system is to i* 
of plates generated per aran time, as #vea by to tauJa 

J0 Nfc«L/pt) 

where W is to mm*** off theoretical plates, t is to separation L is to length off to 
separation column, and H is to foeaght esjuivaleflt tto a iheoreaicaJ piste. The plate 
height, H, can be written as 

H = A + B/aa 



where A is to sussi of to contributions torn to Section plug to*h -d to debtor 

path fens*. B to «H ««> ^ « *■ ***** *" BI *' te B *» 

buSer, and u Is to linear velocity of to asalyte. 



buSer, and u is the linear vaocwy ™ m^m. 
20 Combining to two equata above and substituting u = ftE where n is 

<he egeetive deetrophoretic mobility of to aaalyte and E is to Metric field strength, 
the plates per unit time can be expressed as a function of to electric field strength: 

25 At low tons geld strengths when 1*5*1 diffusion as to dominant form 

of tend dispersion, to tana AuE is small Native to B and cogently, to number of 
plates per second increases with to iquare of to electric field strength. 

As to eleetric field strength increasas, to plate height approaches a 
30 constant value, and to plates per unit time iec^ Hne^ ^im to e!^c fidd 
strength because B is small relative to AjiE. lit is thus advantageous to have A as small 
as possible a benefit of to pinches! injection scheme. 

The efficiency of to electropfeorectic separation of rhodamme B ana 
^fotodatnine at ten evenly spued position* was monitored, each constituting a 
35 separate experiment. At 16.5 cm fern to point of injection, to efficenctes of 
ZJb and sulforhodanrine are 38.100 and 29.000 ,lates, respecttvely. 
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Efficiencies of Shis magnitude sire sufficient for many separation applications. The 
Itogarfey of the data provides information dbout the tsaiforaifcy tad quality of the channel 
dongitoleagth. ifod^mtoeefeaiineU^ 

5a gfag efScisaey wcaSd result tawever, noae was detected. The efficiency date are 
plotted in Figure 16 (eaaditionsfor Figure 16 were foe came as for Figure IS). 

A amaar separata©** wpsrircaaat was pafoimed using the enicracMp 
analyte injector lOB of Figure 6. Because of the straight separation cteanel 34B„ the 
analyte injector 10B enables fester separations than ore possible using the serpentine 
separation channel 34D of the alternate analyte injector 10D shown in Figure 112. to 
10 addition, the electric field strengths used were higher (470 V/cm and 100 V/em for the 
buffer a nd separation channels 26B, 34B, respectively), which further increased the 

speed of the separations. 

One particular advantage to the planar microchip labo -asory system 10B 
of the present invention is that with laser induced fluorescent* the poi it of detection can 

15 be placed anywhere along the separation column. The electruphcrogruns are detected at 
separation lengths of 0.9 mm, 1.6 mm and ll.l mm from the injection intersection 40B. 
The 1.6 mm and U.l mm separation lengths were used over a ranje of electric field 
strengths from 0.06 to 1.5 kV/em, and the separations had baseline resolution over this 
range. At on electric field strength of 1.3 kV/em, the analyses, rhodamine B and 

20 fluoresces, are resolved in less than 150 ms for the 0.9 mm separatum length, as shown 
in Figure 17(a), in less than 260 ms for the 1 .6 mm separation length, as shown in Figure 
17(b), and in less than 1 .6 seconds for the ll.l mm separation length, as shown in Figure 

17(e >- . , 

Due to the trapezoidal geometry of the chamels, the upper comers maKe 

25 it difficult to cut the sample plug away precisely when the potential! are switched from 
the sample loading mode to the separation mode. Thus, the injection plug has a slight 
tail associated with it, and this effect probably accounts for the toil ng observed in the 



In Figure 18, the number of plates per second for the 1.6 mm and 
30 11 1 mm separation lengths are plotted versus the electric f.eld strength. The number of 
plates per second quickly becomes a linear function of the electric field strength, because 
the plate height approaches a constant value. The symbols in Figire 18 represent the 
experimental data collected for the two analytes at the 1.6 mm and U.l mm separation 
lengths. The lines are calculated using the previously-stated equation and the 
35 coefficients arc experimentally determined. A slight deviation is seen between the 
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ah® ferfSesr raserwoiir 12D. This stssthod of tad tog and mj©sting tta Dapple is time- 
indepsffadent, iiBOin>=bo&s3d sad ngprod&idfe!©. 

In Fagur© 19 8 a chrom&togram of tte soMmoraiiB is shawm for a liasar 
veloeiity of 0.65 awn/a. For C440, 1 17CQ plates toss ofeesnredl roMdfo coirresgpmds to 220 

S plstesfo. The ma& flstaiaodl ©sur^oss^ £460, fas on ©fEdksscsy nosfify oia ©fldler of 
Hiaagatode ikms? tea for C440, which raas 1250 plates. The uiadsslaiag feacfcjgrouKd on 
tite gte>BHia&o§raEa3 is due to teekgraasd Suomssstasce Sr» Sfc glass substrate osd 
shew the peosr instability df the laser. This, feo^^er, did rat taqpss* the quality of 
the separations or detection. Ttese mssuhs compare quite ss^dl utfith ©oavefltional 

10 iatoiraxofiy Iffigh Performance LC (HPLC) techniques in terms of atete wfas and 
GKe@sd HPLC in speed by a fector often. Efficiency is dearest vrfth reason fester 
than wjrfd be predicted by theswy. This effect may be due to overioadinB of the 
monolayer stationary or kinetic ©Sects due to the high speed of the scsaratioa. 

15 yficehr ISleetroMnette Crf lw ChmniM^affe 

In the electrocforo^ogropfay ©spsrimsnts discaiisssd stove with respect 
to Figure 19, cample components were separated by their partifcioaiffiji interaction tasth a 
statioKD&ffy phase coated on the channei walk Another method of separating neutral 
analyses is cnicellar eJoctrokmetic capiSIafy diroraatogmpluy (MECC). MECC is an 

20 operations! ©iod© of dleetfopboresis in wifeidi a mzfeamt such os sodhanra dodecylsuKste 
(SDS) is added to the buffer in sufficient concentration to fiwrm ssaicelles in ths buffer. In 
& typical experimental arrangement, the micelles move much more slowly toward the 
cathode than does the surrounding buffer solution. The partitioning of solutes between 
the miceMes and the surrounding buffer solution provides & separation mechanism similar 

25 to that of liquid chromatography. 

The microchip Saboratosy 10D of Figure 12 was used to perform on an 
analyte composed of neutral dyes coumarin 440 (C440), coumarin 450 (C450X and 
coumarin 460 (C460, Bsciton Chemical Co., Inc.). Individual stixSc solutions of each 
dye wer® prepared in methanol, then diluted into the analysis feuffsr before use. The 

30 concentrate of each dye was approximately 5QyM unless indicaied otherwise. The 
MECC bufkc **as composed of 10 mM sodhm borate (pH 9. IX 50 mM SDS, and 10% 
(v/v) methanol. The methanol aids in solubfliang the coumarin dyes an the aqueous 
buffer system and also affects the partitioning of some of the dyes tao the miceEes. Due 
cara must be used in wortdng with coumarin dyes as the chemical, physical, and 
3 5 tojdcologieal properties of these dyes have not been fully investigated 
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The microchip laboratory cjraiem 10D «ms oparssed in to "pinched 
Ub^^ <■-»•< I"*"* Tte opp&d to to mrato an « to 

eitor toadfog « * C»P«W In to ^ * & °°7 
s^teasra of to catotta to to oaf^e ^«^* ^ 53 W 1 d**""*^ 

te do^st mm® of to amdyte to p^ through to ' « 

jo ^nfth ra© eSesar©kiKi©aie bias. ' 

Asi fejccfen « «»ode by the chip to «te Vwa mods «M 

tog^ to y ote^ applied to to s^ks a»ch tot buffer ^ flc^ fom^^ 
tm lr IW (through to toaakw* 40D Mo to separation channel MD> ^ the 
^ r^voir 20D. The plug of aaalyte tot m to mtoraoctoi 40D i. **apt ^ 
IS to «io, ch»l 34D. Proportion^ to*** voltage are a P! tod to to ^ 
S5 unes^m. iSDtofi^a^flowofbu-fferftiaototoJiSBr 
and aosSyie «*as*e ressrvotrs low, im to cause a ww» o „ . . . 

— Th^aom^totto^ eP ^«^ 

tnta. e r from to anatyte wi «* 810 «« -*»■ ^ *■ Sep8rai,0n 
during to analysis. . 

^to of AcMBCC of a mtfture of C«0. C450. and C460 

a* 8 feo^ fa Figure 20. The peaks ^ MM by individual analyses of each dy* 
Tte eaignaloa too stability of to tot psak, WO, -ith changmg mctond 
mfm *Mm *m a aro«g Wta» to this dy® did not partition into to rcucdles to a 
m^t. Th^to it ms coosid*«l . ^roosonotic to* .** .* 

liionto.un. Usmg tose vdu* of tO and tm from to data m A^*** 

- 0 4 fer a ^ IA W -« -PI— our assumption Ttose f^mparo 
J „» coaveotoiia MECC donned in capMes and to a^*g- 

30 M to d^coh.omatography Gspsrimem describe above in tot dtoeacy . retan^ 
^r^tionrsto Further advantage* of to, approach to upmwg *«« ■■ 
to no ^ce modification of to *alls k — sary and tot to Nonary phase « 
eontojoysly refreshed during eKperiments. 
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flagrgayuc Ion Analysis 

Anol&sr laboratory orfygte that « be perfoirnied on oMm &he 
laboratory ^st@m SOB of Fagpare 6 or the lebora&ory system 10D of Figure 32 is 
anorganfe ion onafy&s. Usages tte laboratory oyst(§m 10® of Pigme 6 0 iismrganic ion 
§ osasSy^s ™ pK^&pwsd ©a iss@teJ tons ©ssajstesed \srath B-Sqfriwrayij^^ 

odd (HQS) whkfo are separated by dlesteopfoorasis oM dletssted with UV hser induced 
fflM©g^gs©s£ee. HQS tes tea vftMp used as a Egaftd Ifor ©ptteal torafeofiiosas of nnetol 
does. The optte&l pmjpsrfes and the sAMsy of HQS iua aqueous rasdsa few reoeatily 
b©sa ysed for deSestro of hbsSqS w sqparaas^ by im efemtrBatOGs^fty and capillary 

10 electrophoresis. Because uncompleted HQS doss not Auokbss©, em^s ligand is added 
to the buffer to maintain the complication equfflibfk dusmg the ssjpum^on without 
contributing a k^S^ background signal. This bsgfegfits both the dBdency of the 
separation and detectability of the sample. The compounds uased for the ©qpsrimeaas are 
sine suKate, esdmsum fiaifcrate, and alunrnisum fiatrate. The huffier is sodksm phosphate (60 

15 boM, pH 6.9) with 8- faydroKyquinol^^ seed (20 onM for ©II estpcrimems 

©sscept Figure 5; Sigma Chemical Co.). At tost SO sodsaam phosphate buffer h 
seeded to dissolve up to 20 wM HQS. The substrate 49B used was foised quarts, which 
provides gnsater Ability than glass substrates. 

The floating or pinched aaalyte loading, as described previously with 

20 respect to Figure 6„ as used to transport the analyse to the injection fratssectioa 40B. 
With the floating sample loading, the injected plug has no electrophoresis bias, but the 
volume of sssaple is a Sanction of the sample loading mm Bssmss the sample loading 
time is inversely proportional to the fidd strength used, for high injisction field strengths 
a shorter injection tame is wised than for tew injection Add strengths. For example, for an 

25 Injection field strength of 630 Vim (Figure 3a), the injection time is 12 a, and for an 
injection field strength of 520 V/cm (Figure 3b) 0 the injection time is 14.5 s. Both the 
pinched and floating sample loading can be used with and witbou suppression of the 
electroosmoticflow. 

Kgures 21(a) and 21(b) show the separation cf three mead ions 

30 completed with 8-hydrojQfquinoline-S-sulfofuc acid. All three completes have a net 
negative charge. With She electroosmotic flow minimized by the eovalent bonding of 
polyacrylamid© to the channel walls, negative potentials nslative in ground are used to 
manipulate the complies during sample loading and separation. Tin Figures 21(a) and 
21(b), the separation channel field strength is 870 and 720 V/cm, respectively, and the 

35 separation length is 16.5 mm. The volume of the injection plug is 120 pL which 
corresponds to 16, 7, and 19 fmol injected for Zn, Cd, and Al, respectively, for Figure 
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The shame! 26E is tot o«e embodiment 2.7 awn in '.engsh fiom she fita 
^oir 12B io the inreneerion 10E. «tfe the channel 30E is 1.0 - ** I .he M 
IS *_* 32E is 6.7 «m The aepsrefieo d*"« ™ * — «» * 

length, due to She addition of a reageai reservoir 22E which has & reagent ehanne) 36E 
SL^,ofi».epareaooch^MEa l ..r^.eo«4E. T^rhelcogdro^hc 
8^0. channel WE is marked ■•> <he intersect «OE to *. mm t «* «• 
Zd— . 56 ^dendtog ton, *e mining tee 44E U> the waste re«*von- 20E . *. 

«-« a amdyte »d fte re^ was monhorsi on-nneroohip via fiuoresecnee 
• k,™ mi 1 nm. 50 mW Coherent Innova 901 for aratalron. The 
S5 ZTT^ r ^ a pt— - - (PMT, Oriel ^0 , - 
STTeedofand a ctwge eoophd derfce (CCD. Princeton Insmimente. he. 
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TE/CCB-S12TKM) for imgng a region of the raacroehip 90. The compounds ussd for 
Sgsting she apparatus were shodasnks B (Exciton Chemical Co.. fas.) asgintos. glycine, 
threonfae and ^pkhaldiaidehyd© (Sigma Chemical Co.). A codhsm tetraborate WSsr 
(20 bM, 92) with 2% (vfc) mZhmd and 0.3% (v/v) ^nssrGaptoateiol was She 
faster in oil tte&s. Tfcs concentrations of 8ho a«© arid, OPA and irfoodamine B 
solutions were 2wfM, 3.7mR and SOuH re^estivdy. Several mi conditions ware 



The schematic view m F^puro 23 demonstrates cane ©sa raple when 1 fcVis 
applied to she entire system. Wish «Ms voltage configuration, the dearie ffieM strengths 
50 5ft She separatioa channel ME <fc) and the reaction channel 36E (E« D ) ore 200 sad 425 
V/cat, respsetivsBy. This allows the eostn&kiKg of 1 part separation .sftat with 1. 125 
parts reagent at the mixing tee 44E. An analyse introduction system s-jch as Shis, with or 
without post-column reaction, allows a very rapid cycle tame for multiple analyses. 

The electropherograms; (A) and (B) in Figure 2< demonstrate the 
15 separata of two pairs of amfeo adds. The voltage eonfiguratior is the same as in 
Figure 23. ©sespt the total applied voltage is 4 kV which corresponds to an electric field 
strength of m Wan is the separation column (Eao) and 1.700 Wen. in the reaction 
column (E^. The injection times were 100 ms for the tests winch correspond to 
estimated injection plug lengths of 384, 245. and 225 pm for arginine, glycine and 
20 threonine, respectively. The injection volumes of 102. 65, and 60 pL correspond to 200. 
130. and 120 finol injected for arginine, glycine and threonine, respectively. The point of 
detection is 6.5 mm downstream from the mixing tee which gives a total column length 
of!3 .5 mm for the separation and reaction. 

The reaction rates of the amino acids with the OPA are moderately fcst, 
25 but not fest enough on She time scale of these experiments. An increase in the band 
distortion is observed because the mobilities of the derivatised compounds are different 
from She pure amino acids. Until the reaction is complete, the zones of unreactcd and 
reacted amino acid will move at different velocities causing a broadening of the analyse 
zone. As evidenced in Figure 24, glycine has the greatest discrepant in electrophoretic 
mobilities between the derivatized and un-deriwttad amino acid. To ensure that the 
excessive band broadening was not a Sanction of She retention time, threonine was also 
tested. Threonine has a slightly longer retention time than the glycine; however the 
broadening is not as extensive as for glycine. 

To test She efficiency of the microchip in both the separation column and 
the reaction column, a fluorescent laser dye, rhodamine B, wts used as a probe. 
Efficiency measurements calculated from peak widths at half height were made using the 
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poinfc 4atc$&0to osfcsms a* disSsunssGs of 6 mm o&& 3 mm from Aq cmsa, or H otom 

upstoream «d 1 mm downstasam from to mfering tea. This provided Enforcaadon on the 
©fcto of ft© onbds^g oftfos two e&TgasiS. 

Tfo© @l©^rie field ^iCTgfc k to insert ©3>&umn and the separation 
S (sdESW wtsre ap^jskxa&e!y ©pal, asd the Sdd &ffgj?gth m fifes reaction cokmsi m 
(jroes tfefi of the cepairaaion ©stosm. This configuration of A© applied wltages allowed 
an op^rosoisaieSy 1:1 votae oatio of deriivofciaag iraag©flt and efcgnt from she 
separation eolufiiaa. As (the field strengths fesnsaesd, the degree of tortodenc© at the 
^sskg te® ksnaased. At Ghe separation distance of 6 mm (1mn upctmsam from the 
10 smkg tee). Eh© plate height as ©speeted as Hks qbswss of She lifisar velocity of the 
aaaJyte. M the sqparatbn distance of § mm (1 mm upstream from the sailing tee), the 
plate hesght dkta decreased as ejected as the iaveres of the velocity of the anallyze. At 
She separation distance of 8 mm (1 mm downstream from the siiisring tee), the plat® 
height toa decreases from 140 V/cm to 280 V/cm to 1400 V/cm- This behavior is 
15 okmmrf and demonstrates a band broadening phenomena when two streams of equal 
vctooiGS converge. The geometry of the mbang nee was not optimized to infwmarase tMs 
band distortion. Above separation field strength of §40 V/cm, to system stabilizes and 
again the plate heaght decreases with messing linear velocity. For ° 1400 V/cm, 
the ratio of She plat® heights at the 8 mm and 6 mm separation lengths is 1.22 which is 
20 soft an unacceptable toss in efficiency for she separation. 

The intensity of the fluorescence signal generated from ah© reaction of 
OPA with an amino acid was tested by continuous^ pnampinj glycine down the 
separation channel to rarc with she OPA at the wmg tes. The flgorossenc© signal from 
she ©PA/amino add ruction was collected using a CCD as the product moved 
25 downstream from the mhdng tee. Again, the relative volume ratio of the OPA and 
glycine streams was 1.125. OPA has a typical half-time of reaction with amino acids of 
4 a. Ths average residence times of an analyte molecule in the window of observation arc 
4,68, 2.34, 1.17, and 0.58 a for the electric field strengths in the reaction column (Em) 
of 240 p 4S0 0 %0 D and 1520 V/cm, respectively. The relative intensities of the 
30 florescence ©omspond qualitatively to this 4 s half-Sims of reaction. As the field 
strength increases in the reaction channel, the slop® and maxiiinum of the intensity of the 
fluorescence shifts fiarther downstream because the glycine and OPA are swept away 
from the mfodng tee fester with higher field strengths. KdeaSy, the observed fluorescence 
from the product would have a step Sanction of a response following the raising of the 
35 separation effluent and derivatiang reagent. However, the kinetics of the reaction and a 
finite rate of rn'ming dominated by diBusion prevent this from occurring. 
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The separaison using the post-camion e&anad Me? em*,^ a 
gated paction aW in order to fe@gp ^ ^ ^ mg ^ 

*• macroship was operated Q eoafauous molyte tedingfe^ioa Bede 

8hs *« ecmdmiously pumped ftom the onalyte ireservoir B2E Ktagh fife 

injeefiion intersection 40E toward She aaaJyte Me ra^ir 18E. Buffer ma 
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rcssmnr i$g toward she asmlyte waste and 
ws*e mm*. 20E to «te ^ ond pmert «te fiom 
migrating dowa fife cspsaagion dwm*. To inject a small olkjoot 0 f analyte fife 
potentials at the bu^r and anaJyte waste resemnrs jse. 18E are simply floated for a 
short period of time («100 ms) to allow the onatya© to migrate down fife sgparation 
channel as an onaJyte injection plug. To break off the injection plug, the potentials at the 
buffer and analyte waste reservoirs 16E, 18E are reapplied. 

The use of micromachined post-column reactors can improve the power 
of post-separation ehaafel reactions os an analytical tool by minimizing the volume of 
the eara-ehanne! plumbing, especially between the separation and reagent channels 34E, 
36E. This microchip design (Figure 22) was ftabricated with modest lengths for fife 
separation channel 34E (7 mm) and reagent channel 36E (10.8 mm) which were more 
than sufficient for this demonstration. Longer separation channels can fe manufactured 
on a similar size microchip using a serpentine path to perform more difficult separations 
as discussed above with respect to Figure 12. To decrease post-mfcting tee band 
distortions, the ratio of the channel dimensions between the separation channel 34E and 
reaction channel S6 should be mkted so that the electric f u: Jd strength in the 
separation channel 34E is large, U.. narrow channel, and in the refction channel 56 is 
25 small, i.e., wide channel. 

For capillary separation systems, fife small detection volumes can limit the 
number of detection schemes that can be used to sKtract information. Fluorescence 
detection remains one of the most sensitive detectioa techniques for capillary 
electrophoresis. When incorporating fluorescence detection into a sj«em that docs not 
30 have naturally fluorescing analytes. derivation of the analyse must occur either pre- or 
post-separation. When the fluorescent "tag 0 is short lived or the separation is hindered 
by pre-separation derivation, post-column addition of derivatizing reagent becomes 
the method of choice. A variety of post-separation reactors have fee* demonstrated for 
capillary electrophoresis. However, the ability to construct a post- separation reactor 
35 with extremely low volume connections to minimize band distortion has been difficult. 
The present invention takes the approach of fabricating a microchip device for 
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eieetraosmotfcaiy paamped Mo the reaction chamber 42F with a volumetric ratio of 
1:1.06. Therefore, As solutions Som the oralyt© and reaggatf reseivgfcs H2F, HF aire 
diluted by a fcustofl* off ° 2, Buff®- w sumaltfiitsouslly pumpsd by etecteoossnosis &swn 
th@ buses' g>§s@JrwoSi? S6F toward the @naly2@ tots*© asad waste reesrvcirs S8F, 20F. This 
S buSfcr sts^asii prevents the newly fomaed produca Weeding Mo the separata 
dumriMF. 

Preferably a gated i^ection scheme, described above with respect to 
Fsjpns 3, 5s uased to iajeet eKluent torn the reaction (stesmter 42F into the separation 
©hama^l Tte poftssriaS at fifes Wfer (reservoir !6F 5a sintpHy floated for a brief period 

10 of time (0. 1 to II .0 s\ and sample migrates Mo the separation channel 34F. To break off 
Gfoe injection ptaig, She potential ax t5*e buffer Ytmrwk 16F as reapptied. The length of 
the injection plug 5s a Sanction of both the time of the inj©ctioa and the electric Sdd 
strength. With this eoiafigisy^on of applied potentials, the reaction of the amino ©rids 
with the ©PA continuously generates fresh product to be analysed. 

15 a significant shortcoming of many capillary elecarop'toiresis experiments 

tea been she poor reproducibility of the injections. Mere,, because (the microchip injection 
process Is computer controlled, and the injection process involves the opening of a single 
high voltage switch, the injections ran be accurately timed events. Figure 26 shows the 
reproducibility of She amount injected (percent relative standard deviation, % rsd, for the 

20 integrated ureas of the peaks) for both anpnra® and glycine at injection Sold strengths of 
0.6 and 1.2 kV/cm and injection times ranging from 0J ao 1.0 s. For injection times 
greater than 03 s, the percent relative standard deviation is below 1.8%. This is 
comparable to reported values for commercial automated capillary electrophoresis 
instruments. However, injections made on the microchip & BOO times smaller in 

25 volume, e.g. 100 pL on the microchip versus 10 nL on a commercial instalment. Partof 
Shis fluctuation k due to the stability of the laser which is * 0.6 %. l J or injection times > 
0.3 s, the error appears to be independent of the compound injected aad the injection 
SsJd strength. 

Ftgure 27 shows the overlay of three electrophone separations of 
30 arginine and glycine after on-microchip pre-column derivation with OPA with a 
separation field strength of 1.8 kV/cra and a separation length of 10 mm. The separation 
Add strength is the electric field strength in the separation channel 34F during the 
separation. Th© field strength in the reaction chamber 42F is 150 V/cm. The reaction 
toes for the analytes is inversely (related to their mobilities. e.g., for arginine the reaction 
35 time Is 4. 1 s md for glycine the reaction time is 8.9 s. The volumes of the injected plugs 
were 1150 and 71 pL for arginine and glycine, respectively, which correspond to 35 and 
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fellows a ae^e P*h. The sequence for P« P BR322 anc the rccogatton 
esqueace of fee eazyflts »tf I are tao^. Mer digestion, of ttt 

fagM dtaributon is p^te^ by osparaiiag the 4fl«*» P"* 1 ** 8 fflsaB8 
d^rophcm fa a ofe^g ^dhm fa the ss^araaon J4G. For ttee 

^rtots, cdUo« is ^ as the «ag ■»*». Atafesedj«« 

do^re^ k 8he separation channel 340, migrcsfag ilbgmeato are interrogated 
osnehip laser fetesd tabescence with an intercalating dye, thiaxole oraage dimer 

(TOTO-1), asthe ffluorophore. 

The reaction chamber 420 sad separation channel 34G ton in Figure 
29 ore 1 and 67 Sim long, respectively, having a width at MM** of SO um and a 
depth of 12 um. to addition, ^ chamd walls are coaled with imlyaaylanude to 
minimize elceSroosmotic Stow sad adsorption, ees&optaograms a-e generated using 
single point detestion laser induced Suoresosace detection. An argon ion laser (10 mW) 
is focused to a spot onto the chipusfag a lens (100 mm fecal length) The fluorescence 
IS signal is collected using a 21* objective lens <NA = 0.42). followed by ***** ™*m 
(0 6 mm toter pinhole) and spectral filtering (560 nm bandpass, 60 nm bandwidth), 
and measured using a photomuhiplier tube (PMT). The <to acquisition and voltage 
switching apparatus axe computer control. The reaction bufeb lOmMTris^ 
lOmM^agne^acetit^andSOmMpota^umaceta^ The reaction buffer . placed 
m d« DNA, enzyme and waste 1 reservoirs 12G, 14G. 18G shown in Figure 29. The 
separation buffer is 9 mM Tris-borate with 0.2 mM EDTA and 1% (w/v) hydro^yethyl 
cellulose The separation buffer is placed in the buffer and waste 2 .eservoira 16F. 20F. 
The concentrations of the plasmid pB^322 and enayme Wfinf I ** 125 ng/ul and 4 
units/a!, respectively. The digestions and separations are performed at room 

25 temperature (20°C). 

The BWA and enzyme are dectrophoretically loaded into the reaction 

' chamW 42G from M respective reservoirs 120. HO by application of proper 

electrical potentials. The relative potentials at the DMA (120). ««ym* (140) buffer 

(160) waste I (180). and waste 2 (20G) reservoir an, 10%. 10% 0. 30%. and 100%, 

30 respectively. Duo to the electrophone mobility differences between the DMA and 
enzyme the loading period is made sufficiently long to reach equilibrium. Also, due to 
the small volume of the reaction chamber 420. 0.7 nL, rapid diffusion*! miaing occurs. 
The electroosmotic Sow is minimised by the covalent immobilization of Unear 
polyacrylam.de. thus only anions migrate from the DWA and enayme reservoir* I2G. 

35 140 into the reaction chamber 420 with the potential distributions used. The reaction 
buffer which contains cations, required for the enzymatic digestions. e.g. Mg 2 . is also 
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togas** » .«M usas . .0% C*4 M™*aM csHuto • ' tea tT~*^ 
snisraBes eoantercurrent to She DNA. As ©specsea, bw 

ZZ Tfc. unsolved MOBM and SOWSII-bp tor.ng togte uaaa** 

mtaUMnriBg sopWataKd twchenuul precede Tte "J*™"*"^ 

MM I. «Z P=«° « -Mfe This could be U36d for a liquid 
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a given reservoir. The field strength can bp calculated from the applied voltage and the 
characteristics of the channel. In addition, the resistance or conductance of the fluid in 
the channels must also be known. 

The resistance of a channel is given by equation 2 where R is the 
resistance, K is the resistivity, L is the length of the channel, and A is the cross-sectional 



10 Fluids are usually characterized by conductance which is just the 

reciprocal of the resistance as shown in equation 3. In equation 3 t K is the electrical 
conductance, p is the conductivity, A is the cross-sectional srea. aid L is the length as 
above. 

15 « 



Using ohms law and equations 2 and 3 we can write the field strength in a 
given channel, i, in terms of the voltage drop across that channel divided by its length 
which is equal to the current, h through channel i times the resistivity of that channel 
divided by the cross-sectional area as shown in equation 4. 



Thus, if the channel is both dimensionalry and electrically characterized, 
the voltage drop across the channel or the current through the channel can be used to 
determine the solvent velocity or flow rate through that chanrel as,: expressed in 
25 equation 5. It is also noted that fluid flow depends on the zeta potential of the surface 
and thus on the chemical make-ups of the fluid and surface. 



Vj cc Ij x Flow 
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Obviously the conductivity, «; or the resistivity, p. wll depend upon the 
dtarascterisilics of the solution which <§@uld my from dtotgl to dKiaasS. Era mmy CE 
agplicotta the characteristics of ths tafc wall dominate the electrical (teoeaeri^fles of 
she Suad, and to the conduetaRse rail be constant. In tte ©is© of liquid 
5 etajgsiatogirapfejf where solvent pr®gtrarawj| is psrfbflszsd, tta electrical (sfejraeierisaes 
of the fim> mobile ptoses could diiSer eonsdeinabJy if o buffer is ncft oassd. Buri^g a 
solved programming sun wtas the mole fraction of (he mkture is dhangk& the 
conductivity of fthe may chaage in a aonlk^r fashion but at will change 

moaotonkally from «he conductivity of ftfae one neat solved go the otter. The actual 
10 variation of She conductance whh mole fraction depends on the dis3odation constant of 
the solvent in addition to the conductivity of the individual ions. 

As described above, Ghe device shcrcan schematically in Figure 3 1 could be 
used for performing gradient elution l&quid ehroraatograpliy with post-column labeling 
for detection purposes, for example. Figure 31(a), 31(b), and 31(c) sfcow the fluid flow 
J S requirements &r carrying out the tasks involved in a Squid chromatography ©qperiment 
as mentioned above. The arrows in the figures show the di?ecti©n and relative 
magnitude of the flow in the chattels. la Figure 31(a). a volume of anaJyt© from the 
analyte ffeservoir S6 is loaded into the separation intersection 40. To eseoxte a pinched 
injection it is necessary to transport the sample from the analyte reservoir 116 across the 
20 intersection to the analyte waste reservoir 13. In addition* to confine the lanalyte 
volume, material from the separation channel 34 and the solvent «*servoirs 12,14 must 
flow towards the intersection 40 as shown. The flow from the first reservoir 12 is much 
larger than that from the second reservoir 14 because these are the initial conditions for a 
gradient elution experiment. At the beginning of the gradient elution experiment, it is 
25 desirable to prevent the reagent in the reagent reservoir 22 from entering the separation 
channel 34. To prevent such reagent flow, a small flew of buffer from the waste 
ireservoir 20 directed toward the reagent channel 36 is desirable and this flow should be 
as near to zero as possible. After a representative analyte volume is presented at the 
mjection intersection 40, the separation can proceed. 
30 In Figure 31(b), the ran (separation) mode is shown, solvents from 

reservoirs 12 and 14 flow through the intersection 40 and down the separation channel 
34. In addition, the solvents flow towards reservoirs 4 and 3 to ma*ce a dean injection of 
the analyte into the separation channel 34. Appropriate flow of raajent from the reagent 
reservoir 22 is also directed towards the separation channel. The initial condition as 
35 shown in Figure 3 1 (b) is with a large mole fraction of solvent 1 and a small mole fraction 
of goJvent 2. The voltages applied to the solvent reservoirs 12, 14 are changed as a 
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aaateKsS. As «he ia*si«a cwpxe** P» "* a*" 5 *" stoMd ' 

5bfm a detestable spsdes. . , 

Figure 32 shows hew to voltages to to various avoirs are change 

for a hypothetical gradient ^ esp*^- The vota^ dtowa i» ^dlag^ody 
fcdicste relative m^todes and «* absolute voltages. In to totag ^ * 
SO op^^^cs^wlfedtoth.v.riousres^. livens flow from all 

reservoirs «c*t to ^ n is t0W8rfs *" ^ mS ™°" 

Thua, to andyte reservoir 18 » * *• >~* P—U ^ all to otor re*rvo*s are at 
higher potential. The potential at to reagent reservoir should be sufiieieatly Wow to! 
ofto waste reservoir 20 to provide a slight 0<m towards to W»t irescmnr. 
IS Ttevolt^attoseeotrfsolvetf 

,o provide a net Sow towards to injection intersection 40, but to flew told be a to. 

mSnitelde ' U amoving to She run (start) mode depicted in F.gure 3 1(b). the potentials 
^ readjusted as indicated in Figure 32. The tarn now is such tot to solvent from the 

20 solves reservoirs 12 and 14 is moving do*n to action dwriM t««nte to 
waste reservoir 20. There is also a slight flow of solvent .way from to qoao. 
aot^ion 40 towarfs to analyte and anatyte waste reservoirs .6 and 18 and - 
appropriate flow of reagent from to reagent ^h 22 into to ^^ e m 
The waste reservoir 20 aow needs to be at to nummun, potent a*d to first a*** 

25 reservoir 12 at to madmum potential. AB other potentials are adjusted to premde to 
fluid flow directions and magnitodes as indicated in Figure 31(b). Also, as shown . 
Bgure32. to voltages applied to to solvent reservoirs 12 and H are 
Zged to move from to conditions of a large mole fraction of solvent I to a largo 

mole fraction of solvent 2. . 

At to end of to solvent programming run, to device is new -ready to 

^teh bac* to to inject condition to load another sample Tn* ^ ^^ns 

shown in Figure 32 are only to be illustrative of what rmght be cone to *™de to 

various fluid flows in Figures 31(aH0- I" « actual eaperunent some to to vartous 

voltages may well differ in relative magnitude. 
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While advantageous embodiments have been chosen to illustrate the 
invention, it win be understood by those skilled in the art that various changes and 
modifications can be made therein without departing from the scope of the invention as 
defined in the appended claims 
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1. A microchip laboratory system for analyzing or synthesizing chemical 
material, comprising: 

a body having integrated channels connecting a plurality of reservoirs, wherein at 
least five of the reservoirs simultaneously have a controlled electrical potential associated 
therewith, such that material from at least one of the reservoirs is transported through the channels 
toward at least one of the other reservoirs to provide exposure to one or more selected chemical 
or physical environments, thereby resulting in the synthesis or analysis of the chemical material. 

2. The system of claim 1 wherein the material transported is a fluid. 

3. The system of claim 1, further comprising: 

a first intersection of channels connecting at least three of the reservoirs; and 
means for mixing materials from two of the reservoirs at the first intersection. 

4. The system of claim 3 wherein the mixing means includes means for 
producing an electrical potential at the first intersection that is less than the electrical potential at 
each of the two reservoirs from which the materials to be mixed originate. 

5. The system of claim 1, further comprising: 

a first intersection of channels connecting first, second, third, and fourth reservoirs; 

and 

means for controlling the volume of a first material transported from the first 
reservoir to the second reservoir through the first intersection by transporting a second material 
from the third reservoir through the first intersection. 

6. The system of claim 5 wherein the controlling means includes means for 
transporting the second material through the first intersection toward the second and fourth 
reservoirs. 

7. The system of claim 5 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 
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the first material from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
reservoir. 

8. The system of claim S wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously transports the first and second materials from the first intersection toward the 
second reservoir. 

9. The system of claim 1 wherein the integrated channels include a first 
channel connecting first and second reservoirs, a second channel connecting third and fourth 
reservoirs in a manner that forms a first intersection with the first channel, and a third channel that 
connects a fifth reservoir with the second channel at a location between the first intersection and 
the fourth reservoir. 

10. The system of claim 9, further comprising: 

mixing means for mixing material from the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

1 1 . The system of claim 9 wherein the third channel crosses the second channel 
to form a second intersection, the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

12. The system of claim 1 1 , further comprising: 

means for transporting material from the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

13. The system of claim 12 wherein the transporting means transports the 
material from the fifth and sixth reservoirs through the second intersection toward the first 
intersection and toward the fourth reservoir after a selected volume of material from the first 
intersection is transported through the second intersection toward the fourth reservoir. 

14. A microchip flow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, the channels 
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forming a first intersection wherein at least three of the reservoirs simultaneously have a controlled 
electrical potential associated therewith such that the volume of material transported from a first 
reservoir to a second reservoir through the first intersection is selectively controlled solely by the 
movement of a material from a third reservoir through the first intersection toward another 
reservoir. 

15. The system of claim 14 wherein the material transported is a fluid. 

16. The system of claim 14, further comprising: 

controlling means for transporting the second material from the third reservoir 
through the first intersection toward the second reservoir. 

17. The system of claim 16 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 
the first material from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
reservoir. 

18. The system of claim 16 wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously transports the first and second materials from the first intersection toward the 
second reservoir. 

19. The system of claim 14 wherein the integrated channels include a first 
channel connecting the first and second reservoirs, a second channel connecting the third reservoir 
with a fourth reservoir in a manner that forms a first intersection with the first channel, and a third 
channel that connects a fifth reservoir with the second channel at a location between the first 
intersection and the fourth reservoir. 

20. The system of claim 19, further comprising: 

mixing means for mixing material from the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

21 . The system of claim 19 wherein the third channel crosses the second channel 
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at a second intersection, the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

22. The system of claim 21, further comprising: 

means for transporting material from the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

23. The system of claim 21 , further comprising: 

means for transporting material from the fifth and sixth reservoirs through the 
second intersection toward the first intersection and toward the fourth reservoir after a selected 
volume of material from the first intersection is transported through the second intersection toward 
the fourth reservoir. 

24. A microflow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, wherein first 
and second reservoirs of the four reservoirs contain first and second materials, respectively, a 
channel connecting the first reservoir and a third reservoir forming an intersection with a channel 
connecting the second and a fourth reservoir; and 

a voltage controller that: 

applies an electrical potential difference between the first reservoir and the 
third reservoir in a manner that transports a selected, variable volume of the first material from 
the first reservoir through the intersection toward the third reservoir; and 

after a selected time period, simultaneously applies an electrical potential 
to each of the four reservoirs in a manner that transports the second material from the second 
reservoir through the intersection toward the third reservoir and thereby inhibits movement of the 
first material through the intersection toward the third reservoir. 

25. A method of controlling the flow of material through an interconnected 
channel system having at least four reservoirs, wherein a first reservoir of the four reservoirs 
contains a first material, the interconnected channel system having integrated channels connecting 
the reservoirs, the channels forming an intersection, the method comprising: 

applying an electrical potential difference between the first reservoir and a third 
reservoir of the four reservoirs in a manner that transports a selected, variable volume of the first 
material from the first reservoir through the intersection toward the third reservoir; and 
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after a selected time period, simultaneously applying an electrical potential to each 
of the four reservoirs in a manner that inhibits the movement of the first material through the 
intersection toward the third reservoir. 
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FIG. 6 
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FIG. 9 
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FIG. 10 
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FIG. 13(a) 
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FIG. 17(b) 
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FIG. 17(c) 
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FIG. 19 
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